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NOTES ON THE ORGANIZATION OF NDRC

The duties of the National Defense Research Com-
mittee were (1) to recommend to the Director of
OSRD suitable projects an-! rescarch programs on the
instrumentalities of warfarc. together with contract
Iacilities Tor carrying ou. these projecis and pro-
grams, and (2) to administer the technical and scienti-
fic work of the contracts. More specifically, NDRC
functioned by initiating research projects on requests
from the Army or the Navy, or on requests from an
allied government transmitted through the Liaison
Office of OSRD, or on its own considered initiative
as a result of the experience of its members. Pro-
posals prepared by the Division, Panel, or Committee
for research contracts for performance of the work
involved in such projects were first reviewed by
NDRGC, and if approved, recommended to the Direc-
tor of OSRD. Upon approval of a proposal by the
Director, a contract permitting maximum flexibility
of scientific effort was arranged. The business aspects
of the contract, including such matters as materials,
clearances, vouchers, patents. priorities, legal mat-
ters, and administration of patent matters were
handled by the Executive Secretary of OSRD.

Originally NDRC administered its work through
five divisions, each headed by one of the NDRC
members. These were:

Division A ~Arinor and Ordnance

Division B—Bombs, Fuels, Gases & Chemical Prob-
lems

Division C—Communication and Transportation

Division D—Detection, Controls, and Instruments

Division E—Patents and Inventions

In a reorganization in the fall of 1942, twenty-three
administrative divisions, panels, or committees were
created, each with a chief selected on the basis of his
outstanding work in the particular field. The NDRC
members then became a reviewing and advisory
group to the Director of OSRD. The final organiza-
tion was as follows:

Division 1—Ballistic Research
Division 2—Effects of Impact and Explosion
Division 3—Rocket Ordnance
Division 4—Ordnance Accessories
Division 5—New Missiles

Division 6—Sub-Surface Warfare
Division 7—Fire Control

Division 8--Explosives

Division 9—Chemistry

Division 10—~Absorbents and Aerosols
Division 11—Chemical Engineering
Division 12—Transportation

Division 13—Electrical Communication
Division 14—Radar

Division 15—Radio Coordination
Division 16—Optics and Camouflage
Division 17—Physics

Division 18—War Metallurgy

Division 19—Miscellaneous

Applied Mathematics Panel

Applied Psychology Panel

Committee on Propagation

Tropical Deterioration Administrative Committee
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NDRC FOREWORD

s EVENTS of the years pre-:uing 1940 revealed
more and more clearly the seriousness of the
world situation, many scientists in this country came
to realize the need of organizirz seientific research
for service in a national emergency. Recommenda-
tions which they made to the White riouse were given
careful and sympathetic attention, and as a result
the National Defense Rescarcli Committee [NDRC]
was formed by Executive Order of the President in
the summer of 1940. The members of NDRC, ap-
pointed by the Fresident, were instructed to supple-
ment the work of the Army and the Navy in the
development of the ins/rumentalities of war. A year
later, upon the establishment of the Office of Scien-
tific Research and Deveclopment [OSRD], NDRC
became one of its units.

The Summary Technical Report of NDRC is a
conscientious effort on the part of NDRC to sum-
marize and evaluate its work and to present it in a
useful and permanent form. It comprises some
seventy volumes broken into groups corresponding
to the NDRC Divisions, Panels, and Committees.

The Summary Technical Report of each Division,
Panel, or Committee is an integral survey of the work
of that group. The first volume of each group’s re-
port contains a summary of the report, stating the
problems presented and the philosophy of attacking
them and summarizing the results of the research,
development, and training activities undertaken.
Some volumes may be “state of the art” treatises
covering subjects to which various research groups
have contributed information. Others may contain
descriptions of devices developed in the laboratories.
A master index of all these divisional, panel, and
committee reports which together constitute the Sum-
mary Technical Report of NDRC is eontained in a
separate volume, which also includes the index of a
microfilm record of pertinent technical laboratory
reports and refercnce material.

Some of the NDRC-sponsored researches which
had been declassified by the end of 1945 were of suffi-
cient popular interest that it was found desirable to
report them in the form of mounographs, such s the
series on radar by Division 14 and the monograph on
sampling inspection by the Applied Mathematics
Panel. Since the material treated in them is not dupli-
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cated in the Summary Technical Report of NDRC,
the monographs are an important part of the story
of these aspects of NDRC research.

In contrast to the information on radar, which is of
widespread interest and much of which is released to
the public, the research on subsurface warfare is
largely classified and is of general interest to a more
restricted group. As a consequence, the report of
Division 6 is found almost entirely in its Summary
Technical Report, which runs to over twenty vol-
umes. The extent of the work of a Division eanuot
therefore be judged solely by the number of volumes
devoted to it in the Summary Technical Report of
NDRC: account must be taken of the monographs
and available reports published elsewhere.

Any great cooperative endeavor must stand or fall
with the will and integrity of the men engaged in it.
This fact held true for NDRC from its inception,
and for Division 6 under the leudership of Dr. John
T. Tate. To Dr. Tate and the men who worked with
him—some as members of Division 6, some as rep-
resentatives of the Division’s contractors—belongs
the sincere gratitude of the Nation for a difficult and
often dangerous job well done. Their efforts contrib-
uted significantly to the ocutcome of our naval
operations during the war and richly deserved the
warm response they receive¢ “rom the Navy. In
addition, their contributions to the knowledge of the
ocean and to the art of oceanographic research will
assuredly speed peacetime investigations in this field
and bring rich benefits to all mankind.

The Summary Technical Report of Division 6,
prepared under the direction of the Division Clief
and authorized by him for publication, not only pre-
sents the methods and results of widely varied re-
search and development programs but is essentially
a record of the unstinted loyal cooperation of able

men linked in a common effort to contribute to the'

defense of their Nation. To them all we extend our
deep appreciation.
VANNEVAR DUSH, Director
Office of Scientific Research and Development

J. B. Conant, Chairman
National Defense Research Commitlee




FOREWORD

One of the most serious obstacles to the use of tor-
pedoes from aircraft is the Jikelihond of damage and
consequent failure of the torpedo if the water-entry
speed is high. Unless the speed is high, however, the
attacking plane is a “‘sitting duck.” This was brought
home with tragic force in the Battle of Midway.

In July 1943, the Navy requested NDRC to under-
take the design of an improved torpedo capable of
withstanding the shock of water entry when launched
at aircraft speeds as high as 400 knots. The project
was assigned to Division 6 and thus initiated the stu-
diesreported in this volume.

It was soon discovered that the addition of a sim-
ple ring to the tail fins of the standard Mark 13 tor-
pede brought its performance up to the limiting speed
of available torpedo planes. With this discovery, the
pressure for immediate improvement with respect to
water entry was further increased, and at the request
of the Navy the project was broadened to include a
study of every aspect of torpedo design. As a result
of this comprehensive program, not only was a tor-
pedo developed which fully met all requirements, but,
of longer-term interest, an analysis was furnished of
the basic physical factors affecting the overall design
of any future torpedo.

The success of this project was made possible only
by the cordial and effective cooperation of many
individuals and agencies.

The technical program of the Division was carried
out under contracts with Columbia University, Cali-
fornia Institute of Technology, Massachusetts Insti-
tute of Technology, and the American Can Company.

The Navy, through the Bureau of Crdnance and
the Naval Torpedo Station at Newport, not only
provided test facilities, but made freely available the
knowledge and skills gained through their long ex-
perience in design, production, and use of torpedoes.
And at the suggestion of the Commanding Officer a
project engineer was permanently stationed at New-
port to assure complete and continuous exchange of
information.

The Army, because of its interest in a related pro-
gram, maintained close liaison throughout the dura-
tion of the project.

Division 3 of NDRC made possible crucial full-
scale tests of high-speed water entry by providing
through their contract with California Institute of
Technology both personnel and facilities.

Division 7 of NDRC contributed consulting ser-
vices on the control problem.

The General Electric Company gave to the groups
working on power plant design the full advantage of
their knowledge and experience in the design and
construction of high-temperature gas turbines.

To all of these individuals and agencies, and in par-
ticular to Dr. W. V. Houston, Director of the Colum-
bia University Special Studies Group who served as
director of the entire program, the Division makes
grateful acknowledgment.

Joax T. TATE

Chief, Division 6
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PREFACE

This report was prepared by the Columbia Univer-
sity Special Studies Group as part of the studies made
in connection with Project NO-176. It covers essen-
tially the theoretical studies of torpedo performance
and the corresponding indications as to proper tor-
pedo design.

Although some of the theoretical work presented
was done by the Special Studies Group, much of this
report is a compilation of experimental results and
theoretical developments carried on by various
groups at a number of places. When possible, an
attempt has been made to give credit to these groups
for the worl that they have done.

The work on the theory of torpedo control as dis-
cussed in this report is largely due to Dr. L. 1. Schiff,
while the studies associated with air flight and water
entry have been compiled and developed by Marvin
Gimprich.

W. V. HoustoN
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Chapter 1
GENERAL REQUIREMENTS FOR TORPEDOES

HE TERM ‘“‘TORPEDO” has been used at various

periods in the history of modern warfare to mean
a variety of weapons, but nearly always these have
contained a charge of high explosive. In the naval
warfare of the past 50 years the term has come to be
applicd almost exclusively to the automobile torpedo.
This is a self-propelled and self-steered underwater
vehicle that carries a charge of explosive to a point at
which it will explode against the underwater part of
an eneray ehip. The prineinal problems of torpedo di-
sign can then be classifie.. . s hose associated with its
launching, its propulsion, 1us steering, and the means
for exploding the charge.

The philosophy of torpedoes has always involved
the idea that the explosive charge carried should be
such as to cause decisive damage to the enemy. The
rest of the torpedo, the power plant and the control
mechanism, has been so elaborate and so expensive
that ecunuiuy £ etfort could Le vbtatirad snly o
torpedo hit was sufficient to sink a ship. In fact, the
fraction of the weight of a torpedo made up of the
explosive charge is usually only somewhere between
0.2 and 0.3 so that the equipment necessary to con-
vey the charge to its objective is much more elaborate
than the charge and its firing mechanism.

In recent years, however, defenses against torpe-
does have been built into all capital ships and many
smaller ones so that the probability of sinking such a
ship with a single torpedo is not very great. Further-
more, even cargo ships are so divided into compart-
ments that usually a single torpedo will not be suffi-

ient to sink one of them. It appears that a very large
increase in explosive charge may be necessary ma-
terially to increase the probability of sinking from a
single hit. For this reason, it may be more economical
of effort to count on using two or morc automobile
torpedoes to sink even a merchant ship, but it is im-
probable that the complication of torpedo mechan-
ism should ever be used to transport anything less
than a very seriously damaging charge of explosive.

Another characteristic of torpedoes is that the ex-
plosion occurs against the part of the ship that is
underwater. This is clearly more damaging than a hit
on the superstructure, not only beeause a hole be-
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neath the water line will cause the ship to lose
buoyancy, but also because the presence of the water
increases the effectiveness of the explosion. Modern
battleships are so protected by armor plate in the
neighborhood of the water line and for some distance
below it that hits by shells in this region are con-
siderably reduced in effectiveness. A hit by a torpedo
on this armor belt will normally cause very little
damage. Nevertheless, this kind of armor cannot be
el to eover the entire hull for the bnoyancy of the
ship would be seriously reduced by it. A properly
adjusted torpedo can hit the skin of the ship below
this armcc belt and do serious damage. For this
reason a torpedo is a formidable weapon against any
ship.

The automobile torpedo is normally fired at a con-
siderable distance from its target. It normally travels
in the water at a speed greater than tltat of the
fumtent ships., Nevertluloss corm this speed in mirti-
ciently low to make it necessary to predict the posi-
tion of the target some time in advance. A torpedo
traveling at 45 knots will require some 4 minutes to
travel 6,000 yd. During this time, a ship making 30
knots will travel 4,000 yd. In case the firing of the
torpedo could be detected, it would be quite possible
for the target ship to avoid being hit by turning
sharply. However, torpedoes can be launched in
many cases without this launching being detected,
and more often a number are launched almost simul-
taneously so that it is diffic::!t for the target to avoid
them all.

In the casc of torpedoes ussd in naval engagements,
long ranges are frequently uscd, and some torpedoes
may need a range as great as 20,000 yd. It is clear,
however, that no single aimed torpedo can be effec-
tive at such a range unless the target continues on a
steady course throughout the full torpedo run. For
such reasons, it is important to reduce the running
time of a torpedo as much as possible. App~rently the
most effective way to do this would be to increase the
speed of the torpedo, but, since this is very difficult
to accomplish, consideration must also be given to
the possibility of reducing the length of the under-
water run.

w
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4 GENERAIL REQUIRFMENTS ¥FOR TORPEDOES

1.1 SPEED AND RANGE OF SUBMARINE
AND DESTROYER LAUNCHED
TORPEDOES

The torpedo is the ideal weapon for a submarine
vessel. It can be fired in many cases before the enemy
is aware of the presence of the submarine. If an
electric torpedo, or some other torpedo without a
visible wake, is used, the first warning of an attuck
may come from the explosion. Under these conditions
a long range may be useful, and certainly a high tor-
pedo speed is useful in increasing the aiming accur-
acy. Other things being equal, it is probable that
more hits can be made with a high-speed than with a
low-speed torpedo. On the other hand, speed can be
obtained only by a sacrifice of other qualities and
prinecipally by a sacrifice of range or by a considerable
i eruuscin sime arad weight  Herec bds bnpostant 1o
evaluate carefully the minimum useful range from
which a torpedo can be fired and to emphasize its
use. This would improve the accuracy of aiming, not
only because of the shorter range and the reduced
effect of aiming angle errors, but also because the
maximum speed could then be obtained from the fuel
carried.

1.2 SPEED AND RANGE OF AIRCRAFT
TORPEDOES

In the case of aircraft torpedoes, the situation is
sotirenhst Gferat. The l‘:t‘d-ucl-r';-ug of e LUrL edo
can usually be observed by the target, and the proper
evasive action can be taken. It appears impractical
to try to produce sutheient underwater speed in a tor-
pedo to make this evasive action ineffective if much
yiidokwstor Urne] e nestsserl Sinee, howencr, o
torpedo is dropped from an airplane, advantage can
be taken of the speed of the plane and the altitude
from which the torpedo is dropped to provide a long
air travel. The speed of this travel in air is so much
greater than any feasible underwater speed that most
of the distance between the point of release and the
target should be covered in the air travel. The prin-
dipal wequirement appears to Lo the devclopment of o
torpedo that can be launched from very high-speed
planes and from high altitudes, with a sufficient
power plant to travel a short distance under water at
a moderate speed. Along with such a torpedo ade-
quate torpedo directors must be provided.

If a torpedo can be released from 6,400 ft at 350
knots so as to strike the water 500 yd from its target,

it will spend only about 20 sec in the air, traveling
almost 4,000 yd. Tf its underwater speed is 40 knots,
the 500 yd will require about 23 sec so that a total
distance of nearly 4,500 yd can be covered in about
43 sec. This is not time enough for much manuevering
on the part of the target.

1.3 REQUIREMENTS FOR STEERING
AND DEPTH CONTROL

The specifications laid down for the steering and
depth control of a torpedo will depend on the way in
which it is to be used. It is necessary that the depth
control be adequate to get the explosive to the desired
depth on the target. When contact exploders are to
be used and the target is u batileship, the depth
mechanism must insure that the torpedo hits below
oo mrcor Lot mrad ittt sl (il bo losep 11w toe-
pedo from running completely under the ship. When
influence exploders are used, the necessary accuracy
of depth-keeping is not so great since the exploder
will operate at any depth down to some distance be-
low the keel.

The accuracy of steering required depends upon
the length of the underwater run. The deviation from
the set course must not be so great as to dominate
other errors, but there is also no need to require of
the steering equipment that il Tuaiutain its ditection
for a time longer than the torpedo will run or with an
accuracy far greater than the accuracy of aiming that
fs possibte. 1ro genoral i ey e epented that e £os-
pedo with a long underwater run will require greater
accuracy than one with a short underwater run.
Thus o subinatinedaunched torpedo with a 1un of
flug Lir s the wlocring wemaeornr O wa wirea i toopol
with an underwater run of only about 1,000 yd.
Neverthcless, the possible evasive action that may be
taken by a target attacked by a long range torpedo
and the use of salvos of long range torpedoes may
again reduce the value of high aceuracy steering in
even these cases. Since the requirements of steering
accuracy present some of the most troublesome prob-
lome in torpede manufactuie and msintenanoe,
important to limit such requirements to those which
really contribute to the effectiveness of the torpedoes.

In the case of an aircra{- torpedo launched from a
high altitude for a short underwater run it is neces-
sary that: (1) the torpedo does not dive so deep as to
strike the bottom and stick or be damaged; (2) the
torpedo recover from its set depth and arm before

'
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REQUIREMENTS FCR STEERING AND DEPTH CONTROL

P mseton

5

reaching the target. These conditions, which are de-
perdent only in part on the operation of the depth-
control mechanisms, make necessary & complete un-
derstanding of the water-entry phenomena in design-
ing such a torpedo. To a considerable extent, the
water-entry behavior is determined by the external
shape and the distribution of mass, as well as the

torpedo orientation at entry.
The studies described in this report include many

things common to all torpedoes, but particular em-.

phasis has been placed on these problems of air travel,
water entry, and control that are importaut in the
design of aircraft torpedoes and, in particular, in the
design of the Mark 25 aircraft torpedo.
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Chapter 2
THE ELEMENTS OF A TORPEDO

TORPEDO may be considered as being composed of
Aseveral more or less independent elements prop-
erly balanced with one another to make a well-
integrated weapon. For convenienee of diseussion,
the general prineiples and basic underlying features
of eaeh of the elements can be developed separately.

2.1 EXTERNAL SHAPE

Torpedo bodies are usually eylindrical in shape and
are provided with a rounded nose that may be either
hemispherieal or pointed, a tail which supports fins
for stability, and rudders and elevators for steering
and depth control.

"|‘|u'- g rll"|| l-'ll-_llill‘ LT Il,l'l'l'a '|-|||l'||| 10 il -|_|_]I |v|||
to furrish the volume required to contain the ex-
plosive charge, the power plant and eontrol mecha-
nism, and to provide for the dynamie stability and
minimum drag necessary for proper behavior in
water. These latter requirements are discussed in
detail in Chapters 4 and 7.

These shape requirements hold for submarine-
launched torpedocs and, in most cases, for torpedoes
launched from surface vessels. For an aircraft-
launched torpedo, however, the shape must be also
suitablefor prope=t . el through air and for proper en-
try into the wa' i reneral, the shapes required for
the three different phases of travel, air travel, water
entry, and eontrolled underwater travel, are differ-
ent. Stability in air travel is provided by equipping
the torpedo with light wood appendages, which
break off with entry of the tor, Jo into the water.
These air stabilizers are of various types. Some are
mounted on the tail, while others, sueh as the drag
ring or “pickle barrel,”” are on the nose.

In most cases it has been possible to select a shape
that is both adequate for water entry and satisfac-
tory for the underwater run. However, various ap-
pendages have been tried, such as spoiler rings and
Townend extensions to the nose, that are designed
to stay on during water entry and to detach only
when the btt}'d/dy un chiha. Itis Pt ubable that upti-
mum control of the water-entry phase would require
wpipe Cagon ity e Rl wa vk Bl 2 Glvomer Bk bhawe b
tried on the nose. Nevertheless, it has been found
possible to get adequate performance, under eertain

eonditions, by means of a shape that is also suitable
for steady running.

2.2 THE EXPLOSIVE CHARGE AND
THE EXPLODER

The size and nature of the explosive charge for a
torpedo depend to a considerable extent on the kind
of targets for which it is designed. Most torpedoes
earry charges in the neighborhood of 600 to 800 1b
of Torpex. This charge appears to be adequate to
damage a battleship and to cause very serious dam-
age to lighter vessels. 1t appears that an increase of a
few hundred pounds would make relatively little
i romee: wnd, me s i s o sl mdtiply th
eharge by a factor of at lecast 3 to 5, it would be hardly
worth increasing at all. ’

An essential part of the torpedo warhead is the
exploder mechanism. Exploder meehanisms are now
available that will detonate the charge in the vicinity
of the target rather than depending on an impact.
This makes possible the use of greater depths and so
minimizes the danger of hitting the armored belt of a
capital ship.

The torpedo studies included in this report do not
include studies of the explosive and the exploder
mechanism.

2.3 PROPULSION MECHANISM

The propulsion mechanism occupies the major part
of the torpedo both in volume and in weight. For this
reason, the overall size is determined very largely by
the requirements placed on speed and range. In order
to get the maximum specd and range with a given
weight, it is necessary that the power plant operate as
efficiently as possible. The power necessary to drive
the torpedo is approximately proportional to the
third power of the speed at whieh it runs, provided
the propulsive efficiency is independent of the speed.
For the conventional propeiler-driven type of torpedo,
ﬂlia is appl U)dlu‘atcl‘y i ue, Lut ful sulile U{ tiu-, Ppru=
posed types of drive, the efficiency increases rapidly

with the spesd 80 thet thie power moguinad s niot
increase as rapidly as the third power of the speed.

The total energy required for a torpedo is propor-
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CONTROL MECHANISMS T

tional to the second power of the speed and to the
range. Consequently, the amount of fuel necessary
is similarly proportional to these quantities. A tor-
pedo differs from a surface ship in that it must carry
nct only its fuel in the ordinary sense but also the
oxidant. In most torpedoes, the oxidant has been in
the form of compressed air. In fact, the original tor-
pedoes were driven by compressed air alone. Later, a
little fuel was added to warm up the air so as to make
it more effective, and finally the process became one
of complete coinbustion. For the purpose of combus-
tion it is elear that compressed oxygen would be
better than conupressed air because the air is only
about 30 per cent oxygen. Nevertheless, the hazards
associated with the use of compressed oxygen have
prevented its extensive adoption.

With either compressed air or compressed oxygen
a heavy tank is necessary to contain the gas. In fact,
approximately 4 1b of steel is necessary to contain
1 Ib of air. For this reason, obviously it would be
better if Hlie osidat eould be vurtinil in the form of a
liquid since only about 1 Ib of container is necessary
for 1 Ib of liquid. This 60 per cent reduction in the
weight of the fuel and its container is a very impor-
tant improveinent in torpedo power plants, and such
systems are now being ‘developed. Probably the most
advanced is that in which liquid hydrogen peroxide
is used as the oxidant. On its way to the combustion
ehamber this is decomposed into oxygen and water.
The oxygen combines with the fuel, and the water
cools the flame to a point at which it can be used in
the turbine.

Any such improvement in the weight of the fuel
and its containers can be translated directly into tor-
pedo range. If the use of hydrogen peroxide reduces
the fuel and container weight by 60 per cent, it pro-
vides a means of increasing the range of a torpedo by
a factor of 2.5 without increasing its weight. Whether
the saving is put into increased range or into in-
creased explosive depends on which of the two is re-
garded as the more important.

Propulsion mechanisms will not be discussed ex-
tensively in this report. An extensive study of them
has been made by the Navy Department to be used
as a basis for future torpedo development.

2.4 CONTROL MECHANISMS

The conventional automobile torpedo runs on a
previously set course at a predetermined depth. The

depth-control mechanism and the steering meeha-
nism are to a large extent independent.

The operation of these mechanisms must be elosely
associated with the hydrodynamics of the torpedo
body. This is particularly true of the pendulum, in
which care must be taken that the natural period of
the pendulum is not too close to the period at which
the torpedo tends to oscillate in depth. Furthermore,
the stability of the control depends not only on the
control mechanism itself but also on the hydrodyna-
mic constants of the body.

The development of torpedo-control mechanisms
can then be divided into two parts. In the first part,
it is important to measure the hydrodynamic con-
stants of the torpedo and then to determine the prop-
erties of the control necessary to operate in the de-
sired manner. In particular, it is important to deter-
mine the maximum time lag that can be permitted
between the actuation of the mechanism and the final
operation of the rudder and elevator. This is inversely
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Figure 1. Estimated curves showing the speed and
range attainable for various total weights and an ex-
plosive charge of 300 1b.
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8 THE ELEMENTS OF A TORPEDO

proportional to the velocity, and its value for any
given torpedo depends on the hydrodynamie con-
stants.

The second part concerns the design of mechanisms
having suitable properties. The present report is con-
cerned only with the theoretical analysis. The
progress that has been made under Project NO-176
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Ticure 2. Estimated curves showing the speed and
range attainable for various total weights and an ex-
plosive charge of 7001b.

in the design of depth and steering mechanisms is
reported in connection with the design of the Mark
25 torpedo.

2.6 WEIGHT AND SIZE OF THE
TORPEDO

The outstanding propertics of a torpedo that must
be correlated with each other are (1) range, (2)
speed, (3) weight of explosive, and (4) overall weight.
These four quantities are all related, and in the de-
sign of a torpedo suitable compromises must.be made

between the desire to have maximum weight of ex-
plosive, speed, and range and the desire to have a
minimum overall weight.

In a very rough way the weight of a torpedo may
be regarded as made up of four parts. These are E,
the weight of the explosive; S; the weight of the
external shell; F, the weight of the fuel and its con-
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Figure 3. Estimated curves showing the speed and
range attainable for various total weights and an ex-
plosive charge of 1,500 1b.

tainers; and P, the weight of the turbine, gear train,
and propeller system. The weight of the shell is
roughly proportional to the external surface of the
torpedo and hence may be regarded as proportional
to the two-thirds power of the total weight. Hence we
may set § = yW?". v isa constant that depends upon
the material of which the shell is made, upon its
thickness, and upon the shape of the torpedo.

The amount of fuel necessary is proportional to
(1) the range of the torpedo, (2) the square of the
velocity, and (3) the external surface. The amount of
fuel necessary is proportional to the external surface
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WEIGHT AND SIZE OF THE TORPEDO 9

because the drag is proportional to the external sur-
face and lhence to the two-thirds power of the weight.
Hence we may accept F = a?RW™. The constant o
depends upon the fuel system used and will be very
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Ficurg 4. Curves showingt he estimated speed and
range attainable for various total weights with the use of
a liquid oxidant and an explosive charge of 700 Ib.
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much smaller in case hydrogen peroxide is used than
when compressed air is used.

In a very rough way, the weight of the power plant
may be set proportional to the cube of the speed and
to the external torpcdo surface. Hence we may regard
P = BrW*

Since the total weight of the torpedo is the sum of
these four parts, it is possible to write an equation
connecting the total weight of the explosive, the
speed, and the range as follows:

W =E -+ (v + B+ ar?R)W™.

The constants, a, 8, and v must be determined from
some known torpedo. If they are evaluated for the
Mark 25 torpedo, the values are approximately

a=7.00X 1077,
B =245 X 103,
v =4.00.
28000 | T |
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TicuRE 5. Total weight as a function of the weight of
explosive for three cases. The power plant is assumed to
be similar to that of the Mark 25.

By using these constants, it is possible to plot rela-
tionships between the various quantities in the equa-
tion. In particular, Figures 1, 2, and 3 show the speeds
and ranges that can possibly be attained with given
overall weight. Other curves present these data in
slightly different ways.

These curves point out clearly the cost at which
high speed and long range are attained. In most tor-
pedoes, the explosive is a relatively small part of the
total weight, while the fuel and power plant make up
most of it. If the diameter is increased it is possible
to inerease the explosive charge with only a small

. e T e vy SN M
incresse in overall weight, but doubling the range or

the speed makes a very serious change in the torpedo.
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Chapter 3
OUTLINE AND SUMMARY

3.1 AIR TRAVEL

N ATRCRAFT TORPEDO is launched by dropping it
A from an airplane that is traveling at a high rate
of speed, and the most important line of development
of this weapon is concerned with increasing the speed
and the altitude from whicli it can be launched. The
initial travel of the torpedo through the air is equally
important with its underwater travel, not only be-
cause the major part of the distance may be traversed
in the air, but also because the torpedo must end its
air travel in such a way as to make a proper entry
into the water. The importance of this proper entry
into the water is easily understood from the analogy
between the torpedo and a diver. As is well known, a
diver can safely dive from an elevation of 100 ft if he
erters the water properly, while he can be seriously
injured if he enters the water flat from a very much
lower altitude.

Tle early experiments in launching torpedoes from
aireraft were confined to dropping them from only
a short distance above the water, such as 30 to 50 ft,
and at speeds much less than 100 knots. These ex-
periments emphasized the necessity for very rugged
construction in order to withstand the shock of water
entry. It appears, however, that in addition serious
damage to the torpedo can only be minimized by
providing for a clean entry. In fact, some evidence
points to the fact that a 15-ft horizontal drop of a
torpedo, such as has been frequently used for proof
launchings, may be more ualiaging than a clean
entry at speeds of over 200 knots.

For a clean entry it is necessary that the torpedo
be traveling parallel to its axis at the time of impact
with the water, and this requires proper stabilization
of the torpedo in the air. Due to the action of the air
forces, a simple cylindrical body tends to set itself
perpendicular tu its direetiun of travel, and a torpedo
has somewhat the same tendency. If a bare torpedo
is launched from a considerable elevation, it will
enter the water flat and will suffer severe damage. To
overcome this tendency, a large tail is required. Since
this kind of tail is undesirable for the underwater
run, it is constructed of light wood so as to break off
on water entry. a .

A wide variety of stabilizers has becn tricd. Presand

practice in the United States Navy is to use a Mark
9.1 stabilizer combined with a drag ring or “pickle
barrel” on the nose. The Mark 2-1 stabilizer is a
simple wooden box that is slipped over the torpedo
fins. The Mark 1 drag ring is a short wooden cylinder
that slips over the nose. The combined effect of these
two auxiliary devices is to cause the torpedo to be
stable when traveling parallel to its air trajectory.
The stabilizers also introduce sufficient damping so
that during its air flight the torpedo will oscillate
around its position of equilibrium with decreasing
amplitude. If, then, the air flight is long enough,
initial disturbances that are present due to conditions
at release may be damped out, and the torpedo can
enter the water smoothly and cleanly. This fact sug-
gests that it is even more desirable to drop a torpedo
from a high altitude than from a low altitude be-
cause a longer time is available in which this damping
action can be effected.

A more important fact is that the damping effect
of the stabilizers increases with the speed so that a
high-specd launching may tend to be cleaner than
one of lower speed. The damping is proportional
to the speed, but the time of fall varies only as the
square root of the altitude. Both high speed and
high altitude therefore, are conducive to a good entry
in the absence of a wind. These stabilizers also intro-
duce a certain amount of drag so that there are some
altitudes, depending on the release speed, from which
the torpedo enters the water with a total velocity
that is even less than the initial release velocity. For
a low-speed launching this is only at a low altitude,
but for a high-speed launching this may be true up to
over 2,000 ft.

Other stabilizers have been used with more elabo-
rate objectives. The British MLAT. IV stabilizer is
intended to cause the torpedo to strike the water
alightly nose-up with respect to its trajectory. This
can be easily accomplished by suitable shaping of the
tail pieces, but it requires that roll in the air be pre-
vented. To this end, the British M.A.T. IV stabilizer
is a very elaborate device, incorporating a gyroscope
and movable ailerons to correct any tendency to roll.
Such elaboration is surely necessary if it is desired to
make the torpedo enter in any other way than
paeY Bk 1 ifm Leajortory H swover, it would seem
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desirable to construct the torpedo so that entry
parallel to its trajectory is adequate and so that very
simple stabilizing devices can be used.

It is obvious that stabilizing appendages, such as
have just been mentioned, can be effective only in
causing the torpedo axis to remain parallel to its
trajectory with respect to the air. If there is a wind,
the trajectory with respect to the air will not be
identical with the trajectory as seen from the ground,
and it is the trajectory as seen from the ground that
determines the water-entry conditions. As a conse-
auence, a torpedo stabilized on its trajectory, and
traveling with a tail wind, tends to enter the water
effectively nose-down. A similar torpedo traveling in
a head wind tends to enter effectively nose-up, and a
torpedo traveling in a cross wind will enter with a
certain amount of yaw. These effects of wind cannot
be overcome by simple air stabilizers, and they can-
not be neglected because they will affect the under-
water behavior of the torpedo in a significant way.
However, they can be recognized and understeed,
and proper allowance can be made for them in the
tactical methods that are used.

In addition to making the torpedo stable on its
traje tury, the stabilivers Btruduee a eoeliin s o
of drag. The Mark 2-1 stabilizer and the Mark 1 drag
ring when used on the Mark 13 torpedo introduce
enough air resistance so that the torpedo may enter
the water at a speed somewhat less than the specd at
whiel it ie released. Must of this drag is duc to the
drag ring itself and not to the tail stabilizer. The
analysis shows that the resultant speed of the torpedo
tirst decreases because ol Uhe ail Tesistance wid tich
increases because of the acceleration of gravity so
that it passes through a minimum. This increase does
not continne indefinitely bzcause the terminal ve-
locity appears to be between 800 and 900 ft per sce.
At this speed the air resistance is just cqual to the
weight so that there is no further acceleration. Be-
cause of this air resistance, the horizontal travel of
the torpedo may be significantly less than that calcu-
lated when the air resistance is neglected, and the
entry angle will also be different. This merely means
that the more complete caleulations must be used for
predictions of the air flight.

Tt is clear that stabilizers could be designed tohave
increased drag and to reduce the velocity at impact
to a low value. This, however, would result in a short
horizontal range in air.

A detailed account of the air trajectory is given in

Chapter 5, where the.necessary properties of the
stabilizers are analyzed.

3.2 WATER ENTRY

The water-entry phase of the aireraft torpedo tra-
jectory is less subject to theoretical analysis than
either the air travel or the underwater travel. At the
beginning of the present study of the problem almost
no information was available as to the essential
features of the behavior of the torpedo during this
stage. The air trajectory is subject to fairly complete
theoretical analysis, and vuly certali culistants need
to be evaluated in order to apply the theory to any
specific case. The same thing is true of the underwater
run. The water entry, however, presents additional
complications due to the presence of the water sur-
face and the vastly different properties of the air and
the water. For this reason, it has been possible only
to establish a more vt less phenomenological deserip-
tion of the torpedo behavior and to indicate certain
convenient terms in which the initial underwater tra-
jeetory can be described. These are satisfactory for
the water entry of the Mark 13 torpedo and the Mark
25 torpedo and {resumably for other similar shapes.

When the torpedo nose first strikes the water, the
torpedo experiences a very high force lasting over a
very short time. It has not been possible to determine
with any degree of reliability the exact magnitude or
duration of this impact force. It is possible, however,
to give some indication as to the total impulse asso-
ciated with it. This produces both a sudden change
ot by gi!'c.'li' ral 'CI.UL“:-E:,' wrdl i s Jile g bustose 100 g -
lar velocity about a horizontal axis. The sudden
change in linear velocity is a small fraction of the
total velocity and seems to play no significant part
in determining the subsequent torpedo behavior. The
sudden access to angular velocity, however, is in such
a direction as to cause the nose to rise and the tail to
fall and determines whether the subsequent trajec-
tory turns upward or downward. After the initial
impact, the torpedo creates a cavity in the water,
roughly conical in shape, so that only the nose is in
contact with the water. This state continues until the
torpedo is several lengths under the surface, and dur-
ing this time the torpedo is subject to a decelerating
foree that can be described in terms of a drag coeffi-
cient and is proportional to the square of the velocity.
The drag coefficient on a hemispherical nose i3, at
this stage, of the order of magnitude of 0.28.
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The drag foree on the torpedo when it is in the
cavity, with its nose alone in contact with the water,
is opposite in direction to the torpedo motion but
does not usually act directly through the center of
mass. If the torpedo is nose-down to its trajectory,
this retarding force tends to turn it more nose-down
and hence tends to overcome the initially produced
nose-upward angular velocity. If the torpedo is nose-
up to its trajectory, the retarding force adds to the
initially produced angular velocity. As a consequence
of this angular velocity about a horizontal axis, the
tail of the torpedo will eventually strike either the
top or bottom of the cavity. If it strikes the top of
the cavity, the torpedo will travel in a roughly circu-
lar path concave-downward. If it strikes the bottom
of the cavivy, the path will Le concave-apw ard. Whieh
of these two things occurs depends upon the magni-
tude of the initially acquired angular velocity and
the later angular acceleration that either adds to or
subtracts from it. These depend on the entry pitch
and trajectory angles. There can also occur an inter-
mediate state in which the torpedo continues to
travel for some distance without striking either side
of tl.e cavity.

If the torpedo enters directly along its trajectory,
the initially acquired angular velocity will cause the
nose to rise, and the subsequent retarding force will
eause it to rise still farther. Under these conditions,
the tail will strike the bottom of the cavity, and the
trajectory will curve upward. If the torpedo enters
slightly nose-down to its trajectory, the suddenly
acquired angular velocity may be just enough to
overcome the nose-down angular velocity produced
by the retarding force. The nose-down pitch angle at
which this occcurs may be designated as the critical
pitch angle and is found to be something over 2 de-
grees for the Mark 13 torpedo. If the torpedo enters
much more nose-down than this critical angle, the
nose-down turning produced by the retarding force
will dominate the situation, and the tail of the tor-
p'cdu will go o the tup of the cavity. Thia ;_-]'f\f]l]f‘PQ
a down-turning trajectory, and the torpedo will dive
deep.

The forces producing the suddenly acquired angu-
lar velocity and the dependence of these forces on the
entry conditions depend on the shape of the torpedo
nose. Indeed, while for most nose shapes the torpedo
receives an upward impulse, there are noses which
are sufficiently ‘blunt so that the torpedo nose re-
ceives a downward impulse at entry and hence the
suddenly acquired angular velocity will be nose-

downward in direction. For blunt noses, which are
rarely used on projectiles entering water designed for
an underwater run (except for antisubmarine weap-
ons), the previous discussion must be somewhat
modified in a manner indicated in Seetion 6.3. For
the finer shaped noses which were buplicitly assunued
in the previous discussion, since the angular velocity
acquired at impact depends on the nose shape, it is
found that the critical pitch angle will vary with the
nose shape.

After a moderately well-defined distance along the
trajectory, the cavity will close in behind the tor-
pedo, and the normal hydrodynamie forces will begin
to act. Except for the continuing retardation, the
behavior of the torpedo can then be described in the
vermrs wsed £or Joseribing ite wbowdy nmdsrwater run.

It appears that the major features of the initial
trajectory are determined before the cavity closes so
that these major features are not influenced by the
movement of the torpedo rudders or elevators and,
consequently, are not dependent on the depth-con-
trol mechanism or the steering device. These mecha-
nisms are important, however, in determining the
trajectory after cavity closure. The hooks to the right
or left, as well as the maximum depth of dive, are in-
fluenced by the behavior of the depth mechanism,
the extent to which the elevators are reduced in
effectiveness by a shroud ring and the extent to which
the torpedo heels over. It appears also that a major
part of the effect of a shroud ring on water-entry
behavior is due to its shielding of the elevators and
the corresponding reduction in curvature of the path.
If the steady-state hydrodynamic constants of the
torpedo are known, the trajectory after cavity col-
lapse may be calculated (see Section 6.5).

On the basis of this kind of a picture of the initial
underwater trajectory and the approximate determi-
nation of some of the constants involved, it is possible
to predict with some degree of certainty the initial
underwater behavior of the Mark 13 torpedo. Pre-
sumably the same ean be done for the Mark 25, but
this has not yet been thoroughly tested and verified.
The situation is described in detail in Chapter 6,
where equations are given that permit the computa-~
tion of the expected depth of dive for various entry
conditions. In this work the effect of wind is shown
to be of great importance. Launching the torpedo in a
tail wind can easily provide sufficient nose-down
pitech so that the torpedo dives deep and may well
strike the bottom in shallow water. Launching in a
head wind may cause the torpedoe to enter with a
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nose-up pitch such as to cause excessive broaching
or to cause excessive torpedo damage on water entry.

By analogy with the above argument, it can be
seen that, when the torpedo enters the water with a
yaw either nose right or left, it will tend to move in
a more or less circular trajectory to the right or to
the left. This will introduce the initial hooks that are
frequently observed. Although there are other more
important reasons for hooks, it appears probable that
a cruss s Frotn the Tl wmdll bond bo tinko & Lubts il
hook to the left and a cross wind from the right will
tend to make it hook to the right. In other words,
there is a tendency to hook into the wind.

It would be highly desirable to find some shape of
torpedo less sensitive than that of the Mark 13 to
pitch angle and yaw angle at entry, and it seems quite
possible that a proper combination of nose shape and
large tail structure may do this. Nevertheless, there
is at present no convincing evidence that any shape is
significantly better than that of the Mark 13 torpedo
with the shroud ring or that of the Mark 25 torpedo.

3.3 CONTROL OF UNDERWATER
RUN

An aireraft torpedo, as well as any othor kind o

‘automobile torpedo, is equipped with steering and

depth-control mechanism to make it travel on a pre=
seribed course at a fixed depth. Since many torpedoes
may travel for a considerable distance through the
water, the steering performance is of importance in
determining the probability of hitting the target. The
depth-keeping performance is even more critical be-
cause it is desired to set the torpedo to strike the hull
of a battleship between the lower edge of the armor
belt and the bottom of the ship. For these reasous,
the design of a torpedo requires particular attention
to this steering and depth-control mechanisrm.

3.3.1 Hydrodynamic Stability

The studies that have been made in this connection
have led to a fairly satisfactory theory of torpedo
control. Tt has been shown that the behavior of the
tornedo is the result not only of the control mecha-
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nism itself but also of the hydrodynamic character-
isties of the torpedo body. These two things can be
treated more or less separately, and the theory is now
such that the necessary properties of the contrel can
be fairly well specified when the hydrodynamic be-
havior of the body is known.

Some of the properties o1 a torpedo can be deter-
mined by the study of a model in a water tunnel or
wind tunnel or by towing a full-scale body in a towing
tank. Practically all torpedoes are statically unstable.
This means that, if the torpedo is held at its center of
mass while the water is pumped past it or if 1t 1s
towed by an attachment at its center of mass, it will
not continue to travel with its axis parallel to the
direction of motion. A slight displacement will cause
it, to turn one way or another and set itself at a con-
siderable angle. A bare toipedo boudy would probably
set itself at nearly 90 degrees in the direction of mo-
tion, but, because of the presence of the tail fins and
the shroud ring, an actual torpedo will not turn this
far.

Although this type of static instability is very
striking, it is of relatively little significance in con-
nection with the running behavior of the torpedo.

e reason for this is that, when the torpedo axis
turns slightly one way or another, the direction of
motion of a free torpedo driven Ly its own propellers
also changes. It is possible to set up a criterion, as is
done in Chapter 8, for what is called dynamic sta~
bility. A body is dynamically stable if, when it is
displaced from its straight course, it takes up another
relatively straight-iinc course in a direction siighitly
different from the original. On the other hand, if a
body is unstable dynamically and is displaced slightly
from its course, it will go into a circle and continue to
turn with a definite radius of curvature. A body that
is dynamically unstable can be steered, but it imposes
a very considerable load on the steering mechanism.
A body that is dynamically stable can be steered
with much less anticipation in the rudder correction.
A body that is statically stable will need very little
steering since static stability usually corresponds to
a high degree of dynamic stability, but it will be
very difficult to turn. A body that is dynamically
stable will always turn in the direction corresponding
to its rudder position, while if it is dynamically un-
stable it may turnin the opposite direction for small
rudder angles.

Owing to the simple shapes of conventional torpedo
bodies, it is possible to set up a scale of stability in
terms of the hydrodynamic constants of the body. At
the one end is a region of dynamic instability, and at
the otlier end is a region of static stability. Between
these is a region of static instability but of dynamic
stability, in which a steering device can turn the tor-
pedo in a reasonable circle and also keep it on a
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straight course without too great limitations being
imposed on the steering meehanism itself.

The ecriterion for dynamic stability cannot be ex-
pressed entirely in terms of coefficients that can be
determined from straight-line motion in a towing
tank or from ordinary measurements in a water
tunnel. Additional measuremerts that can be made

‘on a free-running body or that can be made by mov-

ing the body in & large eirele in a towing basin ean
give these constants.

This indicates the importance of a careful hydro-
dynamic study of any torpedo body. Such a study
must be made not only in straight-line motion but
also in eurved motion. In addition, it is important
that the study be made with propellers attached and
possibly even power-driven. The measured values of
the hydrodynamie constants appear to depend
strongly on whether the propellers are present or
absent and possibly on whether they are driven or
are free.

3.3.2 Steering Mechanisms

A steering mechanism may be either a two-position
mechanism or a proportional mechanism. A propor-
tional mechanism is such that the rudder displace-
ment of the torpedo 1s proportiona. to the amount by
which the torpedo axis deparis ~om its prescribed
direction. In a two-position mechanism the rudder is
thrown hard over to one side or the other as soon as
the torpedo departs more than a prescribed anount
from its proper direction. There are also some other
types that may be regarded as intermediate.

A proportional mechanism may be sueh that, com-
bined with the hydrodynamic propertics of the body,
it results in unstable oscillations of increasing magni-
tude. This may be brough! about if the control is too
stiff, that is, if the rudder displacement divided by
the deviation of the torpedo from the prescribed di-
rection is too large a constant. Such an unstable
systein is, of course, uisatisfactory betause the tor-
pedo wanders widely from side to side. Instability
of this kind can be corrected by reducing the amount
of the rudder throw or by veducing the rudder area.
Such a remedy reduces the curvature of the torpedo
path and makes it more difficult to turn the torpedo
in a preseribed direction. It also makes slower the
correction of the course after a disturbance. In de-
signing a steering mechanism, a proper balance must
be struck between the necessity for stability and the

P

necessity for a sensitive control or for a quick restora-
tion after a disturbance.

Probably one of the most important sources of in-
stability and unsatisfactory performance of the steer-
ing mechanism is the time delay that exists betwecen
the motion of the torpedo and the motion of the
rudder. In an ideal control, the rudder is displaced
just as soon as the torpedo departs from its course,
bt in most y ractical devices the rudder displaccment
lags a little bit behind the torpedo displacement. This
lag may amount to one- or two-tenths of a second
and is probably one of the principal reasons why some
control mechanisms will work at low speeds and not
at high speeds. The time delay that can be permitted
is just inversely proportional to the speed at which
the torpedo is running so that the time delay that is
troublesome at 30 knots may cause instability if the
torpedo runs at 40 knots or more.

"The two-position eontrol always results in oscilla-
tic 1 of the torpedo about its course. If, however, this
oscillation can be made of high enough frequency
and of low enough amplitude, it is not serious. For
example, if the torpedo oscillates at 1 ¢ and turns
through one-tenth of a degree in this time, the result
will be quite insignificant. .

The time lag in a two-position control will reduce
tic frequenicy J Useiflavion wed will dornosp ot tingy
increase the amplitude. Hence, in this type of control
also, the time delay must be iimited to an amount
that does not produce too mueh oscillation. In fact,
it is probable that the limitation on the time delay is
more severe in the case of the two-position control
than in the case of a proportional control. Never-
theless, if a two-position control is preperly designed
and built, it will steer just as well as a proportional
confrol.

3.3.3 Depth-Control Mechanism

The depth-control mechanism may operatc in the
same fwo ways as the steering mechanism. It may
produce an elevator deflection that is proportional to
a given signal or combination of signals, or it may put
the elevator either hard up or hard down.

The simplest form of depth mechanism might sup-
posedly be a simple pressure bellows attached to the
elevator in such a way that the deflection of the
elevator is proportional to the amount by which the
hydrodynamic pressure differs from its value at the
desired depth. If, then, the torpedo were too deep,
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the pressure would be too great, and the elevator
would turn up. It turns out, however, that such a
mechanism is unstable and that the torpedo would
oscillate widely about its set depth.

In order to get adequate depth-keeping, it is essen-
tial to have some kind of an anticipatory device.
Thus, if the torpedo is running at its set depth and
turns in order to start up, the depth mechanism must
detect this initial change in pitch which takes place
before the depth has changed at all. Similarly, when
the torpedo is above its set depth but has turned so
as to start down, the depth mechanism must recog-
nize this fact and restore the elevator to its neutral
or up position even before the torpedo has reached
the proper depth.

Many kinds of anticipatory devices have been sug-
pested. The one in 2uoet eorwnon wse Wil the urs
that appears the simplest, is a pendulum. This pen-
dulum indicates the angle of inclination of the tor-
pedo axis. In a proportional depth-control mechanism
the position of the rudder is then made proportional
to a combinativn of the departure frows the set dipth
and the inclination.

This kind of depth control works very satisfac-
tusily wrclor switable vonditions A seitably Jeviwed
mechanism can control a torpedo, running at 45
knots, to within 6 in. of its prescribed depth. Never-
theless, the pendulum has numerous disadvantages.
In the first place, the pendulum has a natural period
of its own, and it is important that this natural period
does not come too near to the natural period of depth
oscillation of the torpedo. Furthermere, the torpedo
ean seillabe st 4 ceeluim [freprey’ ab which the
pendulum will not indicate any oscillation at all. This
is called the frequency of antiresonance, and it de-
pends on the location of the pendulum within the
torpedo. These two points can be taken care of to a
large extent in the design and location of the pendu-
lum, but they do impose certain limitations upon the
kind of pendulum that can be used.

Perhaps the most serious objection to the pendu-
lum is its response to acceleration. Particularly in the
case of an aircraft torpedo, the deceleration of the
torpedo on entering the water moves the pendulum
forward and turns the clevator up. If the torpedo
remains right side up, this may lead to excessive
broaching. If the torpedo rolls over 90 degrecs to one
side or the other, this action of the pendulum may

cause large hooks, whereas, if it turns over com-
pletely, a deep dive may be the result. For the same
reasonn 4 submaline toipedo tends to dive when
ejected from the tube since it accelerates at that time,
throwing the pendulum back and hence the elevator
down. Furthermore, the pendulum is sensitive to
changes in speed occasioned by the uneven supply of
the fuel to the turbines. This may cause erratic depth-
keeping. In spite of all these objections, however, no
other mechanism has yet been extensively used, and
it may well be that the pendulum, because of its sim-
plicity, will always be the most satisfactory and that
its disadvantages can be minimized by suitable de-
sign. Future changes may emphasize some disad-
vantages.

One of the means suggested for eliminating the
perclulwem in L wse in e plaeo o divrico conitive to
the time rate of change of depth. This is not teo
satisfactory because the torpedo does not begin to
climb until after it has changed its inclination.
Nevertheless, the analysis shows that such a mecha-
nigm ecan he constrieted to give stable depth-keeping
if the constants are carefully selected. In particular,
if a pendulum is also included, stability can be guar-
stdoed and the divkilveitages of sl o pondiglorn
alone can be minimized.

Another suggestion has been the use of a gyroscope
for indicating the vertical. The principal difficulty
with this method is that a free gyroscope will not
maintain its direction with sufficient accuracy for the
depth-keeping. It is possible, however, to introduce a
procession to keep the axis of the gyroscope perpen-
ilivulat b0 e i positlon ol U wads o Bl 8 epeals
Although this device has been studied, it has not yet
been given extensive service trials.

The principal result of the study of depth-keeping
is the development of a theory by which it is possible
to predict the performance of any projectcd mecha-
nism. If a depth mechanism has been built, its ehar-
acteristics can be examined in the laboratory on a
tilt table or another similar device. If the device is
only projected, its expected characteristics can be
used to determine the behavior of the torpedo under
its action. Tests have shown that the theory gives o
close and fairly detailed description of torpedo be-
havior so that there 1s no longer any excuse for the
laborious production of depth mechanisms that can-
not be expected to operate at all.
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Chapter 4

HYDRODYNAMIC AND AERODYNAMIC
FORCES AND MOMENTS

TorPEDO Isfundamentally an underwater weapon
A and so it is natural, although not necessarily
correct, to consider its form primarily from a hydro-
dynamie point of view. The principal objectives have
always been the minimization of drag and the
achievement of a reasonable amount of stability
within the limitations of overall dimensions imposed
by the payload and the lauichen. In an airciaft to.-
pedo, however, the air travel and water entry must
be giver: enndol eousiderstion as wiell At the prosend
time it appears that the water-entry phasc of the
motion is of dominant importance in determining the
structure siace less can be done to reruedy the clects
of poor form or inadequate strength in this connec-
tion than in others. For, in principle at least, the air
travel can be stabilized by additional members that
are removed on water impact, the underwater tra-
jectory can be improved by the control system, and
any extra drag can be offset by an increase in power
plant. Tt is, however, still of the greatest importance
to understand the hydrodynamie forces and moments
cxpertenecd by the turpedo sinve sunie Dol i
shape design is still available after water-entry re-
quirements are satisfied and, in any event, the design
of the control system and the power plant depends on
these factors.

4.1 DRAG

"The drag is the comnponent of hydrodynamic force
in the direction of the instantaneous velocity vector
and always opposes the veloeity. Since it is balanced
mainly by the thrust of the propellers, it is of domi-
nant importance in determining the power required.
For very small speeds the drag is entirely due to
viseous foress in e rodoroof Wnvdnne Tow sarroun-
ing the torpedo and hence is proportional to the
speed. For speeds of practical interest the boundary
laver is turbulent while the flow slightly farther out
is smooth, and cavitation is usually not well enough
developed to be significant. In this regime the drag
tends to be more nearly proportional to the momen-
tum transferred to the torpedo by turbulent masses
of waler in the boundary layer (dynamic pressure),
that is, to the square of the speed. Experiments on

models in the high-speed water tunnel, experiments
on airships and airship models, and modern theories
of the turbulent boundary layer indicate that the
exponent is in the range 1.8 to 1.9. Thus the power
required varies as the 2.8 to 2.9 power of the speed.

The influence of the drag on the underwater tra-
jectory at entry is of secondary importance and
shuws ups }uih\,ipd“y in the deccleration that con-
tinues after the collapse of the bubble. The effect of
frage on the opemmlion of the cantrols diiving Lhe
steady run is of still less importance. In both these
cases it is a sufficiently good approximation to assume
that the dmyg is propurtional to the square of the
speed, and this simplifies the analysis of Part ITI.
Therefore, a drag coefficient can be defined as at
the end of Section 4.3.

4.2 MOMENT

An clongated object such as a torpedo moving
through a nonviscous fluid with a fixed acute angle
of wtbiel Dobweun it leogildioal sxis o Uik -
locity veetor would be expected to experience an
upsetting moment which would terd to increase the
angle of attack. The moment observed experimen-
tally in straight-line motion agrees with this predic-
tion in sign, in the near proportionality to attack
angle for moderate angles, and in the proportionality
to the square of the speed. Since this moment, as well
as the remainder of the hydrodynamic moments and
forces, is made up of the totality of normal forces or
pressures exerted on various parts of the hull and
empennage, and since these pressures are propor-
tional to the dynamic pressure (p/2)V? for thud
density p and speed V, it is convenient to define a
Jiriensioh s monarmt oo Teicnl My by Uhe mlation

M = moment = (§> V2AIC (1

where A and [ are the largest cross-secticnal area and
the overall length of the torpedo. This coefficient is
found to be practically independent. of speed. For a
symmetrical body moving along its axis Cy = 0; its
derivative with respect to attack angle is positive,
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20 HYDRGDYNAMIC AND AERODYNAMIC FORCES AND MOMENTS

meaning that the moment tends to increase the angle
of attack. -

The addition of tail fins or a shroud ring to the aft
end of a bare torpedo hull always decreases the mag-
nitude of the derivative of Car with respect to attack
angle and could, in principle, make it negative if car-
ried far enough. Actual torpedoes appear always to
have a positive derivative in the neighborhood of zero
angle of attaek. Iu a eimilar way the pawition of the
control surfaces affects the value of Cy. When these
are mounted on the ends of the fins, deflection of the
control surface 1n one direction produces a luive vt
them in the opposite direction and hence a moment
thiat tends to swing the nose of the torpedo in the
direction of the deflection.

4.3 CROSS FORCE

Although an object moving through a nonviscous
fluid with constant velocity and orientation expe-
riences no force perpendicular to its velocity vector,
the actual torpedo does. This is due to the effect of
viscosity in unbalancing the dynamic pressures on
various parts of the body. The resultant lateral force
L can be expressed in terms of a dimensionless force

coefficient C:
L= (g)vav. @

For a symmetrical body moving along its axis
U = U;its derivative with iuspect to attack sgle &
positive, meaning that an attack angle produced by
deflection of the nose in one dircetion will result in a
force in that direction. This agrees in sign with the
well-known lift force observed in airships flying with
nose up. From the discussion of Section 4.2 it follows
that an increase in empennage area incrcases the
magnitude of Cr and that a deflection of a control
surface in one direction produces an increment of
force in the opposite direction.

By analogy with the treatment of the lateral force,
it is convenient to represent the drag force discussed
in Section 4.1 in terms of a drag coefficient Cp:

D=dmg = (; ) VAl i)

Although C) is less independent of speed than Cy or
C'1, it is often a useful approximation to regard it as
constant with respect to changes of speed. Experi-
mental evidence indicates that Cp is also independent
of the attack angle and the dellettion of % oot
surfaces for moderate values of these quantities.

4.4 DAMPING MOMENT AND
FORCE

The discussion thus far in this chapter is limited to
the forces and moments encountered in straight line

motion. When the center of gravity [CG] of the tor- -

pedo ‘moves in a curved path, it is convenient to
divide the net forces and moments into two parts.
The first is that experienced by the torpedo when
moving along a straight line, with the attack angle
that the CG has in the curvilinear motion. The
stouTid part is dethiced to lse thee wein aipilier mil is ro-
ferred to here as the damping force or moment.

It is apparent that, in general, curvilinear motion
of the CG results in rotation of the torpedo about &
transverse axis that is perpendicular to the plane of
the motion. This rotation combined with the for-
ward motion results in an attack angle that varies
aloug the Tength of the torpedc ik e ee & Stintge i
the pressure distribution referred to in Section 4.2.
The damping force and moment would therefore be
expected to be proportional to the angular velocity w
of the torpedo, at least for small w, since the pressure
at each point is proportional to (p/2)V* and the
change in attack angle at each point is approximately
wz/V, where z is the distance from the CG. The
resultant foree would be expected to be nearly per-
pendicular to the axis of the torpedo so this compo-
sent is ecalled Fw and the drag component is neg-
lected. Similarly, the resultant moment will have the
Eoprn b, Thews man ther e written in terms of di-
mensionless coefficients C'r and Cx that are expected
to be independent of speed:

Fow = (B> V24 (w_l) Cr,
9 v,

N

Ko = (g) VzAl (‘%ﬁ) Ck . W

The damping moment always opposes the angular
velocity, and, in general, a rotation that moves the
nose in one direction gives rise to a lateral force in
the same direction.

Although there is some evidence that C'r and Ck
depend on attack angle for other bodies, the data on
torpedoes is so meager that 1t 1s customary to regard
them as constants. The discussion of Section 4.2
indicates that the magnitudes of both of these co-
efficients should increase with increase in empennage
area.

Torpedo propellers generally add a cross force at
the tompedo tadl and hatix ldluonee all the hydro-
dynamic coefficients. This will be discussed further.
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Chapter 5
AIR FLIGHT OF A TORPEDO

5.1 THEORY OF THE AIR FLIGHT

5.1.1 The Equations of Motion

N CHAPTER 4 the forces acting on a torpedo during
I its motion through either air or water were de-
scribed, and dimensionless quantities were defined in
terms of which it is convenient to express them. In.
Chapter 7 the equations of motion of the torpedo in
water will be more fully discussed in terms of these
coefficients. Here the approximate equations will be
written down and solved to the extent necessary for
an understanding of the air flight.

Let the origin of coordinates be at the position of
the torpedo CG at the time of release, and let the
x axis be horizontal in the direction of forward mo-
tion. Let the y axis be vertically downward, and let
the z axis be perpendicular to these two so as to make
aright-hand system of coordinates.

If the effects of the air are to be neglected, the
equations of motion are very simple and can be
written duectly as

LSRR
I

0,
: (1
0.

e
il

The solution of these equations gives the well-known
parabolic trajectory.

If the resistance of the air is to be taken into
account, the equations become a little more compli-
cated for the drag is proportional to the square of the
veioclty and always acts opposite w thie directivii vl
motion. This leads to the equations

i= —kzV,
y=g—kyV, (2)
5= —kiV,

where k = CppA/2M. Cp is the drag coefficient de-
fined 1n Uhapter 4, p is the densivy ol the ali, 4 is
the cross-sectional area of the torpedo, and M is the
effective mass of the torpedo. The drag coefficient

a The change in density of the air with altitude is neglected,
and the drag coefficient is constant over a sufficient range of
yaw and pitch angles.

CONFIDENTIAL

C'p is that pertaining to the torpedo and its stabiliz-
ing appendages. These appendages may give rise to

_the major part of the air resistance.

The solutions of equations (2) will be discussed in
the Section 5.2 where it will be shown that, because of
the air resistance, the herizontal velocity will tend to
decrease during the drop. At the same time the ver-
tical velocity will be less than it would be at the cor-
responding time if the drop were in vacuum. This can
be described roughly by saying that the effective
acceleration of gravity is somewhat reduced by the
air resistance. It will also be shown that a torpedo
dropped from a given height will have a reduced
range and an increased time of drop compared with a
corresponding drop in vacuum.

In addition, because of the air resistance, the ver-
tical and horizontal motions will no longer be inde-
pendent. For example, the time of drop for a torpedo
launched horizontally from a given altitude will de-
pend slightly on the release velocity.

It was shown in Chapter 4 that, in addition to the
Jdrag foree due to the eie, thers are transverse forces.
These are zero when the torpedo is traveling in a
straight line parallel to its axis but come into play
when the torpedo axis deviates from the direction of
motion or when the direction of travel is changing.
These forces will be neglected at first in the treatment
given here because they are small and because the
torpedo oscillates in its flight so that the forces act
alternately in one direction and then in the other.
For these reasons it appears that their negiect is

st i ] taputouon L of ¥l e imilis

uEuaJIII‘y jqulT:l'uvclt et a1y
trajectory.

Tn addition to the motion of the center of mass, it
is necessary to study the motion of the torpedo about
this center beeause the attitude of the torpedo as it
enters the water is of the utmost importance. Let 9
be the angle between the tangent to the trajectory
and the x—z plane, and let 8 be positive when the tor-
pedo is Folbg, Thon ten 8 = 9/'¢ wiet, § =00l
addition, let a be the angle in a vertical plane between
the torpedo axis and the trajectory, and let it be
positive when the torpedo is nose-up. Siunilaily, et
¥ be the angle in a horizontal plane between the tor-
pedo axis and the trajectory. These two angles are
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29 AIR FLIGHT OF A TORPEDO

small enough to be treated entirely independently.
The equations of motion are then

&+ pé+qa=pb+46,
i (3)
v+ p¥+qyv=0.

The first equation contains no term in @ because the
restoring force is such as to urge the torpedo to lie
parallel to the trajectory. The terms in § and § appear
because the direction of the trajectory is changing.
The second equation has zero on the right side since,
to the accuracy considered here, the projection of the
trajectory on the horizontal plane is a straight line.

The coefficients ¢ and ¢ are expressible in terms of
the moment coefficient C defined in Chapter 4,

72
zgf_-f_BAl‘__ (4)
a 2 I

In this expression C'; refers to the moment around a
horizontal transverse axis through the center of mass,
and I is the effective moment of inertia about this
axis. ¢’ can be.expressed in a similar fashion in terms
of the moment around the vertical axis. With some
types of stabilizers these two moments are quite
different, but the purpose of the stabilizers is to make
them both positive. With air stabilizers making
¢ > 0 and ¢’ > O the torpedo, during the air flight,
is statically stable, thus insuring a high degrce of
dynamic stability. Because of this high degree of
dynamic stability and since the air disturbances are
quite small, a torpedo in air does not have to be
steered.
Similarly, referring to Chapter 4,

p=Cg? Al”{ (5)

The solutions of equations (3) will be discussed and
the nature of the motion illustrated in later sections.

5.1.2 Simplification for Solution

Although only parts of the complete equations are
written down in the previous section, they are still
too eomplicated to make a complete and rigorous so-
lution profitable. Therefore, certain additional sim-
plifying assumptions will be made to aid in under-
standing the nature of the motion.

e

In the first place, the axes were so chosen that 2 is
zero at the time of release. It will then be assumed
that # never becomes comparable with # so that in
equations (2) V will be takenas (&* + %" The equa-
tions to be treated will then be

= —ka(#? + 91",
g —ky@+ 9", ” (6)
0.

w8
I

The procedure will be to first get a suitable ap-
proximate solution to equations (6). This will then
provide the value of 6 as a function of the time to
insert in equations (3).

The initial conditions to be used at the time £ = 0
are as follows.

z(0) = y(0) = 2(0) = 0 because of the location of

the origin,

# = horizontal component of release velocity,

%o = vertical component of release velocity,

2, =0,

ay = pitch angle of torpedo at release,

& = pitching angular velocity of torpedo at re-
lcase,

Yo = yaw angle of torpedo at release,

Jo = yawing angular velocity at release.

5.1.3 Solution for the Trajectory

Even the simplified equations (6) cannot be solved
exactly but must be given an approximate treatment.
Hence define a quantity u as

u=tand=1. )
X

Then from equation (6) it follows that

; (8)

Rl

and
i = gk(l 4+ u2)®. (9)

This last differential equation in u can be solved in a
power serics, so let

u = cat® . (10)
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From the differential equation it follows that

co = ug = tan by,

& =t =—€L,
To

o k

cz=~2~ =%~seceo,
21

Cs=-u£ =g-;sin00,

G 6230

iy _ gk 3 .
Cg=— = (g cos® 8y + kio® tan 6;) .
b Aal v o

Each quantity desired can then be expanded in
powers of ¢.

u=tan0=uo+iz+%'secem+ Ce (1)
To

From (8) it follows that

g=9
)
. . Lo o gk . 5
= g} 1—kdosec O+ (K:de*sec® o— —2—s1n00)t ..
(12)
so that
"t " 2
z =j st = gt — T sec gyt
0 2
+ L (k23 sec® 6o — gj?sin gyt - - - (13)

Equations (11) and (12) show that the horizontal
velocity is always less than the initial velocity and
the horizontal distance traveled in a given time is
less than would be traveled in vacuum.

Similarly, from equation (7),

Co + Clt + Cth
C1 + 2Czt

g=uk=4g

o+ gt + "”;’”" sec B2
= : . (14)
1 + ki sec 8ot + % sin 8of2

It is sometimes necessary to know the total ve-
locity as a function of the time. The velocity at
water entry is one of the initial conditions of the
underwater trajectory, and the velocity in the air
determines the forces acting on the torpedo. Since
the velocity in the z direction is neglected,

V=@E+P =21+ )= ki (15)
U

If the terms containing # are retained in both the
numerator and the denominator, this becomes

- 262 + 603t + 126412
k(cy + 2cat + 3cst?)

(16)

The velocity first falls off because of the air resis-
tance and then later increases because of the accelera-
tion of gravity. The initial decrease is not present
when k = 0, and the later increase is less rapid than
in the vacuum trajectory because of the air resis-
tance. The value of ¢ corresponding to a trajectory
angle 6 can be obtained from equation (11).

For some purposes, in particular for estimating
the stabilizing moments on the torpedo during its
air flight, it is convenient to use an average value of
the velocity, V. For torpedo launchings it is often
desired to produce a specified entry angle, 6., and to
know the time average of V up to the time this angle
is attained. With sufficient accuracy the time over
which the average is desired is given by

i, = 2 (tan 9, — tan G;) . (17)
5 .
Then
te 3 .

V:L/ ng=_110g11@
wkJo w ki - u(0)

g . (c1+2czte+3c3zf+4c4tﬁ\

= iog 0

edto(tan 6, — tan o) 7] )

To the accuracy of this expression V, the average
velocity during the drop is a function only of the
horizontal component of the release velocity, the
trajectory angle at release, and the trajectory angle
at entry. For many purposes, this may be treated as a
constant velocity during the drop.

In the treatment thus far the air force has been
considered as acting along the trajectory and through

CONFIDENTIAL




R R O SR

24 AIR FLIGHT OF A TORPEDO

the center of mass. In other words, drag only has been
considered. As a matter of fact, other forces are also
acting. Among these the most important in its in-
fluence on the trajectory is the lift force. This acts
perpendicular to the direction of motion and is pro-
portional to the pitch angle of the torpedo. Since the
torpedo oscillates during its flight so as to have alter-
nately nose-up and nose-down pitch, this effect will
be relatively small. There will be a small residual
effect due to vhe fact that the torpedo oscillates about
a position that is slightiy nose-up because of the
curvature of the trajectory. An additional mean
pitch, either up or down, can be produced if the
stubilizer is not synuruetrienl.

A significant effect on the trajectory may also be
produced if the stabilizers are not quite symmetrical.
A stabilizer, either intentionally or unintentionally,
can be essentially an airplane wing and carry the
torpedo much farther than it would travel without
such an attachment. In case a stabilizer is designed
to perform this function, provision must also be
made to stabilize against roll. This has been done in
{he Pritish air stabilizer, but it requires a consider-
able complication of the equipment.

5.1.4 Pitching and Yawing Motions

PrrcH OSCILLATIONS

Thus far the trajectory of the torpedo has been
treated by neglecting the effect of pitching and yaw-
ing motions. Lhese motlons have been aegiecied
since their net effect is small because of their oscilla-
tory nature. An expression for the resultant velocity V
has been obtained and also a relation derived for the
average velocity during the drop V so that for any
drop V may be regarded as constant and equal
to V.

Since in the equations (3) for the pitching and
yawing motions p and p’ are proportional toV, and
g and ¢’ are proportional to V%, we can regard these
quantities as constant during the diop, and tudit
magnitude will be given by the constant V which
depends on the horizontal release velocity and tra-
jectuty angles at rclease and entry,

1t is well known that if a torpedo is released in air
without any appendages, such as stabilizers, it will
tumble. It is necessary to install a stabilizer in order
to create a moment that tends to line the torpedo up

with its trajectory. With such arestoring moment, the
torpedo, in general, will oscillate about its mean pitch

angle, and it is also necessary to have these oscilla-
tions damp out as rapidly as possible. In the Mark 13
torpedo this damping is more than doubled by means
of the drag ring, or pickle barrel.

If the axis of the torpedo makes an angle with the
trajectory at release (the pitch angie at release) or if
the axis of the torpedo is rotating with an angular
velocity at release (the pitching angular velocity at
release), the torpedo will proceed to oscillate while
it is falling.

However, even il e pitth angle aud pitching
angular velocity at release are both zero, the torpedo
will still oscillate during its fall. This is due to the
fort that the center of gravity of the torpedo is mov-
ing along a curved trajectory and the axis of the tor-
pedo at release may be along the trajectory, but it
must turn to keep up with the changing direction of
travel.

For the pitch, the first of equations (19) must be
solved.

G+ pa+ qa = pb +4. (18)

The right-hand side ot this wiil be treated as a
known function of time since the approximate equa-
tions for the trajectory have already been solved.
This is thim an inhomogeneous differential equation,
and its complete solution is obtained from the sum of
the sclution of the homogeneous equation

¢+ pat+qa=0 i9)

and a particular solution of the inhomogeneous equa-
tion. 'I'he solution of the homogeneous equation will
be chosen so as to depend on the release conditiors of
the torpedo, the pitch angle, and pitching angular
velocity at release. The particular solution will then
be chosen to be independent of these initial condi-
tions and will then represent the value the pitch
angle o would have if both it and the pitching angu-
lar velocity at release were zero. The particular
soltion 4 thon the part of o due Yo the fnel thak th
torpedo traverses a curved trajectory.
The solution of the homogeneous equation is

ay(t) = e »i* <ao cos wi + M sin wt) , (20)
w

where w = \/(—]t (p/2);,
ap = pitch angle at release,
& = pitching angular velocity at release.
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Tt should be noted that: ¢ is proportional to V2, and
p is proportional to V, so that w is proportional to V.

The particular solution of equation (18) leads to
integrals which cannot be simply expressed. How-
ever, by partial integrations, a solution is obtained
which is a very good approximation and is certainly
sufficiently accurate for the problem being treated.
Thus the particular solution of equation (18) may
be takenas

a(t) = % [8(¢) sinn + ¢ (0) sin (wt — m)]  (21)

where r = Vg = Vo + (p/2)? and is proportional
to 7,

n = tan~'(—2w/p) and, since w and p are both
proportional to V for a given torpedo with given air
appendages, 1 is a constant.

Equation (10) gives tan 8 as a function of the time
and from it the value of 8() and 8(0) can be obtained.
Combining the two integrals gives the complete so-
lution for the pitching moment.

alt) = eri* {l [wao -P 6(0) sin 11] oS wt
w r

r

l_ao + p“—2—° + 59(0) cos n] sin wt}

'

+

w
+ 2 o@sing. (22
wr

Examination of the piiching w:otion given by this
solution indicates that the motion may be described
as damped oscillations about a mean position which
is ;bbeif dem‘eusius witi 'Lilu\;. ﬂL‘hb Tt Lo I‘Upl'v
sents damped oscillations, while the second term is
not oscillatory but decreases monotonically with
time. It is clear that increasing p, which may be
achieved by increasing the release velocity #, de-
creases the magnitude of the pitch angle. Thisis even
more effective than increasing the height of drop ¥,
since p o« do(ye)™.

Y aw OSCILLATIONS

We may now consider the yawing motion during
the air flight. This is described by

J+p¥+d¢v=0. (23)

The soluticn of this equation yields the yaw angle
as a function of time, namely:

Y(t) = e ¥ (\Po cosw'l + M sin w't> (24)
w

where o’ = \/q' — (p'/2)?,
Yo = yaw angle at release,
yo = yawing angular velocity at release.

The solution is that of a damped harmonic mo-
tion. In this case, if the torpedo were released with
zero yaw angle and yawing angular velocity ($o = 0
and o = 0), the yaw angle would always be zero
during the drop.

5.1.6 Further Approximations

In this section the equations of motion were sim-
plified and a solution obtained in which the forces
acting on the torpedo were its weight and the drag
forces. With these forces the trajectory was obtained
and is given by equations (13) and (14). This tra-
jectory lies in one plane since the forces perpendicu-
lar to the initial plane of motion are negligible. With
these forces sulutions to the pitching and yawieg
motion were obtained and are given by equations
(22) and (24). The pitching motion may be described
as damped oscillations of the axis of the torpedo
aboul a lcadl yau:t;uh wikieh is not mero bt is &l f,c:l.l‘ rIl'
nose-up and decreases with time, while the yawing
metion is that of damped oscillations about a mean
position of zero yaw.

These results may be considered a first approxima-
tion. For, having obtained the solutions for «(t) and
¥(8), one may apply a method of successive approxi-
mations. Thus, substituling the capiessions fur wl(t)
and ¥(?) in more complete equations, the equations
of motion of the tejectory tony bt solved again. The
primary effect will be that the center of gravity of
the torpedo will oscillate with very small amplitnde
about the trajectory. Then irom this svlutivn vne
may obtuin an expression for &(f) an wil). Using
these expressions, a further approximation may be
obtained for a(f) and ().

These further approximations are not carried out
here because the accuracy with which the various
quantitics are needed does not require them.

52 DISCUSSION AND ILLUSTRATION
OF THE THEORY

Throughout Section 5.2, where illustrations and
magnitudes are given, except when stated otherwise,
they will always be given for the Mark 13 torpedo
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26 AIR FLIGHT OF A TORPEDO

with shroud ring, fitted during the air flight with the
Mark 2-1 stabilizer and Mark 1 drag ring (pickle
barrel). The constants are given in Section 5.4.

b.21 Air Trajectory
Prot oF HorizoNTAL DisTANCE As A FuncrioNn
or TiME z(t)

Figure 1 is a plot of z(f) for the special case of
horizontal release, 6, = 0, as given by equation (13)
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Ficure 1. Horizontal range versus time from release.

in Section 5.1. From this figure one may readily see
the effect of release velocity and drag coefficient
(proportional to k) on the horizontal travel of the
torpedo. Thus z(¢) is plotted for o = 200 knots and
350 knots, and at each of these release velocities the
horizontal travel in a vacuum is plotted (k = 0),
namely, £ = dol.

From this figure it is readily seen that the hori-
zontal range covered in any time is considerably less
than the range covered in the corresponding time
along a vacuum trajectory.

Also from this figure it is noticed that increasing
the release velocity alsoincreasesthe amount by which
the actual range (with drag) is less than the vacuum
range. This is exactly as expected since the drag forces
are proportional to V2.

VerticaL FALL as A FuncrioN oF TiME y(f)

Figure 2 is a plot of y(¢) for the special case of
horizontal release, 6, = 0, as given by the integral of
equation (14). Here again the graphs are drawn for
release velocities of 200 knots and 850 knots, and, for
comparison, the vacuum vertical falls, given by
y = gi¢/2, are also drawn.

From this figure it is seen that in a given time the
torpedo in a vacuum will fall through a greater ver-
tical distance than a torpedo in air. Or, equivalently,
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Fioure 2. Distance of fall versus time from release.

when both torpedoes are launched from the same
altitude, the one in air will take a longer time to
strike the water than the one in a vacuum.

This effect is also seen to be larger the greater the
release velocity. Here again this is true since the
coefficient of the £ term which represents a retarda-
tion of thefall, increases roughly as .

TRAJECTORY OF THE TORPEDO ¥ VERSUS &

From the preceding graphs one may easily plot y
versus z, which is the actual path of the center of
gravity of the torpedo during the air flight as shown
in Figure 3. This figure shows that, for two torpedces
launched from the same height, the one travelingin a
vacuum (without air forces) would travel farther
than the one launched in air, and the amount by
which it would travel farther increases with the ve-
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DISCUSSION AND ILLUSTRATION OF THE THEORY 27

locity of release because retarding forces increase as
the square of the velocity.

HorizoNTAL VELOCITY AS A FuNcTion oF TIME Z(f)

In Figure 4 #(¢) is plotted for horizontal release at
velocities of 200 knots and 350 knots. For compari-
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TFicure 4. Horizontal velocity versus time from re-
lease.

son, the vacuum horizontal velocity is drawn, this
being a horizontal straight line on the graph with
magnitude equal to the relense velocity o It 1s seen
that the horizontal velocity decreases with time in-
stead of remaining constant, and the rate at which
it decreases is approximately proportional to &%

VERTICAL VELOCITY VERSUS TIME ¥(2)

From Figure 5 it is seen that the vertical velocity
with air forces acting on the torpedo is less than the
vertical velocity without the air forces. For a vacuum
trajectory the graph, y() is a straight line with a
slope equal to g. The drag force serves to decrease the
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FIGURE 5. Vertieal veloeity versas time from release.

slope with increasing time. Increasing the release
velocity causes the vertical velocity to deviate more
from the vacuum trajectory value.

Tt is interesting to note the terminal velocity of the
Mark 13 torpedo. This velocity is defined as the ve-
locity the torpedo would have if it fell for an infinite
time or, alternatively, the velocity the torpedo has
when the drag forces are equal and opposite to the
weight. This is readily seen to be terminal velocity
= +/g/k = 848 ft per sec, and without the Mark 1

drag ring = 1,325 ft per sec.

REesurranT VELOCITY

In Figure 6 the resultant velocity V =~/4* + 3* as
given by equation (16) is plotted for horizontal re-
lease, 8, = 0. Curves are shown for a vacuum tra-
jectory and for the trajectory with air forces acting
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on the torpedo, with release .velocities of 200 knots
and 350 knots. For horizontal relcase, one should
expeet V at first to decrcase and be less than d,
whereas for larger values of ¢ after the aceeleration
due to gravity has become important, V should be
larger than . For a vacuum trajectoryV z # during
the entire drop.
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From Figure 6 it is seen that the resultant velocity
curve is of this form. At the higher release velocity of
350 knots the resultant velocity is less than the re-
lease velocity for times of drop of interest in most
torpedo launchings. For the lower release velocity
the resultant velocity is about equal to or larger than
the release elocity for the times of interest. Thus,
for example, if the torpedo enters the water with a
trajectory angle 6. of about 21 degrees, with a re-
sultant veloeity of about 317 knots, it would cor-
respond to releasing the torpedo with a horizontal
velocity of 350 knots from an altitude of about 630 ft.
The entry velocity in this case is about 33 knots less
than the release velocity, even though the torpedo
was released from 630 ft.

In addition, in Figure 6 the value of V for 6, = 23
degrees as obtained from equation (17) is noted.
From the form of ¥ (¢) it is seen that, for the range of
times of interest, one should be able to approximate
V(¢) by some average value whieh is constant during
the drop. For the two release velocities in question
it is seen that V in the range of time of interest is
always elose to V(¢).

In Figure 7, for future use, V in knots is piotted
against i in knots for horizontal release with 4, = 23
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Ficure 7. Average resultant veloeity versus horizon-
tal release veloeity for 6. = 23°.

degrees. It is noticed that for low velocitie V>
while for the higher release velocities V < o.
TRAJECTORY ANGLi 8(8)

For horizontal release at velocities of 200 knots and
350 knots, 6(f), as given by equation (11) and for a
vacuum trajectory, is plotted in Figure 8. (2) would
be the slope of the curves in Figure 3 as a function of
time. From this plot it is seen that the trajectory
angle with the air forces acting is greater than the
vacuum value at any time during the drop. The
difference is larger the greater the release velocity
and is, in general, not negligible.

By means of graphs of z(t), (), y(®), ¥(), y(«),V (®)
and 6(¢) for horizontal release, with velocities of 200
knots and 350 knots, with a k& value eorresponding
to the Mark 13 torpedo fitted with the Mark 2-1
stabilizer and Mark 1 drag ring, and the eorrespond-
ing graph for the vacuum trajectory, the theory de-
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Mark 1 drag ring (pickle barret).
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30 AIR FLIGHT OF A TORPEDC

veloped in Section 5.1 has been illustrated. In general,
the nature of these curves may be explained by the
fact that the external forces acting on the torpedo are
proportional toV? and consequently will vary like &%,
the square of the release velocity. Thus the amount
by which the actual trajectory differs from the
vacuum trajectory increases roughly as Z".

In general, the primary effect of the air forces is a
deceleration so that from a given altitude it takes
longer for a torpedo to reach the water when launched
in air than when launched in a vacuum. The vertical
velocity and the horizontal velocity and range are less
than in a vacuum, and the vertical velocity V is usu-
ally less than the release velocity. Also, for the same
Jaunching condition, the torpedo will enter the water
with a steeper trajectory angle when launched in air
than when launched in a vacuum.

The results can also be combined into a nomogram
as shown in Figure 9. From release velocity and alti-
tude, the entry angle and horizontal range, for hori-
zontal release, can be determined quickly.

5.2.2 Pitch Oscillations

When the torpedo axis is nose-up relative to the
trajectory (flat pitch), « is the pitch angle and is
positive. When the torpedo is nose-down (steep
pitch) the pitch angle is negative.

CoMPLETE SOLUTION OF PrrcH OSCILLATIONS

Figure 10 is a graph of the pitching motion with
the initial conditions of ey = —4° 'nd & = 15 degrees
per sec, as given by equation (42) for horizontal
release with velocities of 200 knots and 350 knots.
Using the constants corresponding to the value of 14
associated with this @, we have

1. #o = 3381t per sec, V (knots) = 200 knots,

w = 2.76, p = 0.588,
2. 4o = 592 ft per sec, V = 330 knots,
w = 4.56, = 0.97.

Trom this figure it can be seen that increasing the
release velocity increases the frequency of the motion
and, for the same initial conditions, decreases the
amplitude. » which is the angular frequency of the
motion is proportional to ¥ which in turn varies like
&, and p which is a measure of the damping is also
proportional to V. Increasing V increases the fre-
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quency and the damping so that the amplitude of the
oscillation is considerably smaller.

PARTICULAR SOLUTION

From Figure 10 it can be seen that the oscillations
are not symmetrical about zero pitch angle but that
there is & bias to a nose-up angle. This bias is repre-
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Ficure 10. Pitch angle versus time from release
o = —4°; ao = 15 degrecs per sec.

sented by the particular solution, az(t), of the equa-
tion of motion for the pitch oscillations. The par-
ticular solution is independent of ao and do, but it
does depend on the release velocity. In Figure 11 the
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Froure 11. Pitch angle given by particular solution
versus time from release e = 0°; &0 = 0 degree per sec.

particular solutions are plotted for the two cases
illustrated in Figure 10, #, = 200 knots and 350 knots.
1t can be seen from this figure that for many applica-
tions, the magnitude of the particular solution is not
negligible. For small values of time the particular
solution is rarely more than 15 per cent of the com-
pletc solution, but for large values of time it is usually
more than 25 per cent. In general, it may be said
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that, as release velocity increases, the particular solu-
tion becomes more negligible compared to the com-
plete solution.

From Figure 11 it is evident that, as the release
velocity increases, the magnitude of the particular
solution decreases. The reason for this is that p, w,
and r are all proportional to V, and 6 depends on the
factor €y = g/x; so that as a result a.(f) is roughly
proportional to 1/4.*

the expression (25) for &(t). As t —>, &(t)—> 0, or
eventually the mean pitch angle approaches zero.
This occurs within the limit in which the torpedo is
falling straight down.

In Figure 12 a(f) as given by (25) is plotted for
horizontal release with the same velocities as Figures
10 and 11, 200 knots and 350 knots. To illustrate the
behavior of &(f), this figure has been plotted for time
running up to 30 sec, although up to the present the
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Tiaurs 12. Mean pitch angle versus time from release.

Equation (22) represents damped oscillations
about a mean pitch angle that is itself depreasing
with time. The mean pitch angle is given by

alt) = 20(1) _ P 1 + ko sec 6t . (25)
r? 2 1+ (co + it + cot?)?
This, of course, is also independent of as and|é. This
mean pitch decreases relatively slowly with time
because of the factor 1 -+ ki, sec 6t/[1 + (co + cut
-+ ¢.t?)t], while the other factors in equation (22)
decrease rapidly with time since they are multiplied
by the exponential e~®/»t As ¢ increases, the oscilla-
tions about this mean pitch angle damp out, and the
pitch angle approaches the mean position given by

region of interest in torpedo launchings is up to about
10 sec for 350 knots and about 6 sec for the 200-knot
release velocity. For small times the amplitude de-
creases with velocity; in fact, as has been shown, it
decreases approximately like %2 However, for large
values of ¢ this is no longer true since the terms in-
volving ¢ become much more important.

It is important in connection with the behavior at
water entry to note that the mean pitch angle of the
torpedo is slightly nose-up. This may be explained
physically by the fact that the center of gravity of
the torpedo is traveling along a curved path and
consequently possesses an angular velocity and in
addition an angular acceleration. The axis of the
torpedo cannot “keep up” with the trajectory and so
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i

remains somewhat nose-up relative to it. As the time
increases, the angular velocity of the trajectory de-
creases su thut the torpedo axis gets cluser to it.
There is also a damping moment acting on the axis
of the torpedo of amount plé. This moment is always
acting in the same direction since § is always in the
same direction, and it tends to keep the torpedo
nose-up relative to the trajectory. Since the trajec-
tory is curved, § is not zero. If we were dealing with a
straight line trafeetory, ¢ would be gers, wtnl the tor-
pedo would damp out to zero pitch.

5.2.3 Release Conditions for Pitching Motions

The pitch angle at release, ay, will vary from one
airplane to another, and for a particular plane will

lease velocity and the weight of the airplane. The
dependence on these factors is not known experi-
nientally and ean unly be estimated theoretically
However, assuming the effect of most of these factors
is known so that the pitching angular velocity at
the instant of release is known, since the condition
of the air beneath the plane is quite variable, the
angular velocity of the torpedo when emerging from
the small region of disturbed air is highly uncertain.
From studyivg a ummaber of photographs taken at
the Newport Torpedo Station, showing launchings
with various release velocities, the pitehing angular
velocity at release for a few standard airplanes was
estimated. The average valucs of &, are listed in the
table below.

E Number o (Average pitching angular
depend ont speed and alsu o the angle at which the of drops ° VVLQR:PQE relense)
torpedo is suspended in the plane. It probably will gM, TBF 6  +17 degrees per sec
also depend on whether or not the airplane is moving  PV1 6 —15 degrees per sec and +4 degrees
torimontully at nolowwe aml whithir the airplane is per sec
accelerating, decelerating, or moving at constant F7F 7 — —lZdegressperaoc

3 R SB2C 6 +10 degrees per sec and —7 degrees
speed. However, for roughly horizontal release and - N
roughly constant speed we may say A-20 ] +10 degrees per sec and —8 degrees
per sec
Weight of airplane = Lift force on plane = K&¢a plane, 520 3 4 2degreespersec
B-25 4 + 8 degrees per sec and 414 degrees
13 T o . per sec
where K is a constant characteristic of the airplane. 5 o6 4+ 3 degrees per sec

The attitude of the thrust line of the airplane is
inversely proportional to the square of the release
velocity. For a particular airplane ap varies with @’
and with the loading.

Figure 13, showing a few standard airplanes, is a
graph of the angle a reference line in an airplane
makes with the horizontal and also the angle the
torpedo axis makes with this iine when suspended in
the plane. These eurves have been ubtained evperi-
mentally, but the variation of a is as expected. Con-
sequently, for each airplane, for roughly horizontal
release and constant speed, the value of ap is known,

The situation with regard to & is much more com-
plicated. The pitching angular velocity at release
will depend on the angular velocity of the axis of the
torpedo and on the angular velocity of the trajectory
b0 = g cos? 6y/do. However, after being released, the
torpedo falls through a region of disturbed air which
imparts to it an additional angular velocity.

At the instant of release the angular velocity of the
torpedo axis depends on many factors, such as the
angular velocity of the airplane at release, the tra-
fectury angle, the aeecdorution o Soncleration, tik
pitch angle at release, and also probably on the re-

It should be remembered that there is a dispersion
around the values listed in the table. Where two num-
Dbers appear for & it means that afew of the observed
launchings were found with each of the values for d.

Thus we may say that, while o is known for the
airplanes now in use and may be determined experi-
mentally for future airplanes, dis uncertain.

From witer-entry consideraiions it is desirable to
have the pitch angle at entry as small as possible.
This requires keeping ao and o small. Most airplanes
are designed so that oy = 0 near the middle of their
velocity range. However, since from tactical and
other considerations it is much better to release at as
high a velocity as possible, it seems wise, if possible,
to have ap = O near the upper end of the velocity
range for a given airplane.

5.2.4 Release at an Angle

In order to complete the illustration and discussion
of theoretically predicted air trajectories, some exam-
Clow of nolions ai angles different from zero will be
considered. We shall consider two cases in which the
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torpedo is released with a velocity of 425 knots. It is
to be remembered that, for release, while the airplane
has an upward component of velocity, the trajectory
angle at release is negative, 6o < 0. In this case the
torpedo is being “ tossed,” and this method of release
is described as toss bombing. When the airplane is
heading downward at release, 6 is positive, and the
method of release is described as glide bombing. The
release cond’tions for the two cases considered are:

Toss bombing:

1. Vo = 425 knots, 8 = —10°, height of re-
lease = 800 ft, ap = 5°, a0 = 15 degrees per-
sce.

(Glide bombing:

2.V, = 425 knots, 6, = 10°, height of re-
lease = 800 ft, ap = 5°, & = 15 degrees per
sec.

The altitudes at release were chosen to conform to
what is thought to be the minimum height at which
the airplane can release the torpedo for the value of
8, chosen.

for a longer time than a torpedo having the same
entry conditions but released horizontally.

Thus the range is less than that of the vacuum tra-
jectory. In addition, due to the long time of flight,
the pitching oscillations have markedly damped out
so that the pitch angle at entry relative to air 1s
very small.

From Figure 15 it is also seen that the range is less
with the drag forces acting than with a vacuum tra-

‘jectory. For this trajectory, even though the time of

flight is small, the pitch oscillations have had time to
damp out almost completely at entry. Due to the
high release velocity the damping of the pitch oscil-
lations is large in both trajectories and at entry there
appears the small nose-up pitch.

A comparison of the two trajectories and the
vacuum trajectories may be made from the table of
release conditions, entry conditions, height at release,
and time of flight. Also in the table are the conditions
for a horizontal release which would have the same
6, and V. with the range and time of drop for such an
“equivalent horizontal release.”

From this table the advantages of a toss bombing

For all cases V, (release velocity) = 425 knots (= 708 ft persec), og = —5°, & = 18 degrees per sec.

Type of trajectory 8 }I: sctac 0. ft p:/resec ygs V' ) 14 r
Air -10° 800 12.36 26.4 486 2,488 633 1,026 8.70 1,671
Vacuum —-10° 800 11.93 20.1 754 2,812 707 1,042 8.05 1,898
Air 10° 800 4.36 21.2 620 983 816 998 8.53 1,034
Vacuum 10° 800 4.17 20.1 754 1,025 707 1,026 8.05 1,939
6, = trajectory angle at release. V', = velocity when trajectory is horizontal (release velocity
ys = hcight at release. for equivalert horizontal release).
t = timeof drop. y's = height when trajectory is horizontal (height for equiva-
8, = traiectory angleatentry. lent horizontal release).
V. = entry velocity. = time of drop for equivalent horizontal release.
R = horizontal range in yards. R’ = lorizontal range for equivalent horizontal release.

1f the airplane is traveling in an upward circle at
release, the pitch angle will be more nose-up than
for horizontal release, and vice versa for a circle
concave-downward.

In Figure 14 the trajectory for case 1, the vacu-
um trajectory for case 1, and the pitching oscilla-
tions are shown. (The trajectory without the Mark
1 drag ring would be intermediate between the
vacuum trajectory and the trajectory with the drag
i'ing\.) »

From Figure 14 it is readily seen that the effect of
the drag forces is similar to horizontal release and is
even more marked because essentially they are acting

method of release is clear. Thus with the Mark 13
torpedo the enormous range in air of 2,488 yd can
be achieved with an entry angle of only 26.4°. The
time of flight is not prohibitively large and the pitch
angle at entry relative to air is very small. This is
important from the point of view of water entry. Itis
clear that the vacuum trajectory will have a greater
range (yards), a shorter time of fiight, and a smalier
entrance angle. The Mark 13 without a drag ring
will have intermediate values. The very large range
obtained by a toss bombing method of release (with
very similar entry conditions to those for horizontal
release) is of significance in tactical considerations.
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For the glide bombing method of release, the hori-
zontal range is comparatively small and pitch angle
at entry may still be compara .vely large. Obviously
the only possible advantage for this method of release
is the tactical one of a short time of flight.

5.2.5 Yawing Motion

In order to discuss the yaw oscillations, Figures 16
and 17 have been plotted. In Figure 16, using the
constants for the Mark 13 torpedo, Mark 2-1 stabi-
lizer and Mark 1 drag ring, two curves of the yawing
motions are drawn. In Figure 16, o = 3° and §o = 0
with one curve drawn for @ = 200 knots and one for

# = 350 knots, while in Figure 17 corresponding to
these two release velocities curves are plotted for the
release conditions o = 0 and ¥, = 15 degrees per sec.

These curves are seen to be ordinary damped har-
monic oscillations about a mean yaw angle of zero
degrees. From these curves we notice, as in the pitch
oscillations, the amplitude of the yawing motion is
more rapidly damped out as the release velocity is
increased. Furthermore, it should be noted that the
yawing motion is independent of the release angle 6o,
except insofar as 6 changes the time of drop.

From these curves the effect of an initial yaw angle
and yawing angular velocity also can be seen. For
present torpedo launchings the pilot must head the
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airplane in the direction he wants the torpedo to run
and attempt to release the torpedo so that yo = 0 and
Jo = 0. These eonditions must be observed because
the gyro is unlocked approximately 0.5 second after
the torpedo is released. From Figure 16 it is seen
that, if the plane is not heading in the right direction
but is at yaw angle ¥, = 3 degrees, then the gyro
can be off by 1.4 degrees when it is unloeked, while,
if the airplane is spinning around to alead angle and
releases when ¥ = 15 degrees per second, it is seen
from Figure 17 that the gyro can be off by 5.3 degrees.
Thus it is clear why the pilot must attempt to main-
tain Yo = Yo = 0. Furthermore, it is clear that there
would be advantages derived from releasing the gyro
just before the torpedo is released.

5.2.6 The Effect of Roll

We have made no mention thus far of the rolling
angular velocity of the torpedo during the air flight.
The roll angle is the angle through which the torpedo
rotates about its longitudinal axis. This angle is
indicated by ¢ and the rolling angular velocity by ¢.
A torpedo may have a rolling velocity in air due to
the release conditions. Thus the surface of the slings
which release the torpedo is not smooth and, since
the slings are released on one side first, due to fric-
tion the torpedo rolls off. Also, the slipstream beneath
the airplane which acts on the stabilizer might in-
duce a roll velocity. The effect of the slings may be
minimized by greasing them or by the use of a single
suspension bar. At the Newport Torpedo Station it
has been observed that this bar releases the torpedo
with very little roll velocity.

During the . ‘rop the roll angular velocity of the
torpedo is practically constant since there 1s almost
no damping of the motion. Due to the moments
acting on the torpedo and the pitching and yawing
motions, if the torpedo has a roll velocity, it must
exhibit a gyroscopic effect. The magnitude of this
effect has been calculated. The gyroscopic effect on
roll or yaw should rarely be more than 0.17 degree
at any time during the drop and for most launchings
should not be more than one-quarter of this value.

The primary effect of the roii in air is due to the
asymmetry of the stabilizer. Thus is different from
o and the resulting motion is altered due to the
change in the constants in any particular plane. This
will be discussed further in a later section.

5.2.7 Roll Stabilization

Some torpedo air stabilizers, notably some em-
ployed by the British, Germans, ITtalians, and Jap-
anese, possess gyro-controlled ailerons which serve
to prevent large roll in air. It is necessary to prevent
roll in air by such a device if it is desired to gain some
particular advantage of an asymmetrical torpedo
head at entry or if it is desired to have a torpedo
enter the water with some mean pitch angle other
than zero. For example, if the air stabilizer is preset
so0 that the mean pitch angle is some amount nose-up,
the torpedo must be prevented from rolling over in
air since the nose-up pitch angle will become a yaw
angle when rolled 90 degrees and will become a nose-
down piteh angle if the torpedo rolls 180 degrees.

The gyro-controlled ailerons produce a torque
about the longitudinal axis of the torpedo which is
proportional to the square of the velocity (V?) and
for moderately small roll angles to the roli angle itself
#; thus the torque is gop, where ¢o is proportional
to V2 In addition, there is a damping moment which
is probably small and is proportional to the velocity
and to the rolling angular velocity ¢; the damping
moment is then peo, where po is proportional to V.

Thus the equation of motion is

C3 + pod+ @ =0, (26)

where (' is tlie moment of inertia of the torpedo about
a longitudinal axis through the center of gravity. For
the Mark 13 torpedo, C = 30.4 slug ft*.

The roll angle as a function of time is then simply

h /
o(t) = e P/ (\¢0 cos wt + @———t—@m—? sin wt) 27
® /

where
_m . \/q_ _
P=¢r “TNg e

Generally, for most torpedo releases, ¢o = 0, and
&0 # 0. The values of go/V?and p/V depend both on
the size and position of the ailerons as well as the
torpedo. po/V is probably small. '

This motion is seen to be that of ordinary damped
oscillations. If ¢o = 0, as appears to be the usual con-
dition, the roll angle is always lessthan o/ .
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5.2.8 Other Approximations

For all the illustrations the complete expressions
were used. For many applieations, however, this ig
not necessary.

For quantities associated with the trajectory, the
series expressions are usually sufficiently accurate
and may be easier to use. For many purposes the £
term may be negleeted. The succeeding terms be-
eome less significant the smaller the value of k. For
all practical applieations the expressions derived are
sufficiently exact. The rumber of terms of the ex-
pressions to be retained in any problem depends on
the partieular application.

The complete expression (22) has been used for the
illustrations of the pitching motion. However, for
many applications the partieular solution may be
negleeted,” and the solution of the homogeneous
equation given in equation (20) should prove suffi-
ciently accurate. From the illustrations given it ap-
pears that the partieular solution is rarely more than
0.8 degree nose-up, the mean value rarely more than
0.4 degree nose-up, and they both decrease with time
and also decrease rapidly with increasing release
velocity. Consequently, using only the solution of the
homogeneous equation is more aecurate the greater
the release veloeity. However, again, the aecuracy
required of the solution depends on the partieular
application.

53 DISCUSSION OF EXPERIMENTAL
RESULTS AND COMPARISON
WITH THEORY

5.3.1 Comparison of Pitch Oscillation

. f
Theory and Experiment

Experimental eurves of pitch angle against alti-
tude or time can be obtained from the photographs
of torpedo launchings at the Newport Torpedo Sta-
tion. Some of these experimental curves have been
matched by inserting appropriate values of p and @
into a slightly modified form of equation (22). From
the experimental curves, o and & were obtained at
a particular time, and, since p and w were unknown,
different values were tried until a good matching of
the experimental curve by theory was obtained.
Figures 18, 19, 20, and 21 are graphs of experimental
curves obtained at the Newport Torpedo Station and

o Bk Joret M P i e WKl treatments given in
reports issued by the U. 8. Navy Torpedo Station at Newport
and the British.t

of the curves fitted to them on the basis of the theory
given in Section 5.1.

The experimental curves are based on photographs
of airplane launehings. Since in most airplanes, espe-
eially those which have an internal installation of the
torpedo, it is not possible to see the torpedo elearly
until it has fallen for 0.5 sec (about 4 ft), the points
on tl» experimental eurves of pitch angle are really
not known until about 0.5 second after release. Con-
sequently, in equation (22) the initial conditions of
the motion, whieh are speecified by a and do, were
taken about 0.5 sec after release. Since the trajectory
angle at release is zero and ¢ = 0 was assumed to be
about 0.5 sce after release, 8, the trajectory angle at
the assumed ¢ = Oisgiven by

00 = tan 00 = 0.501 = OOg .

Fo

For sueh a short time the single term gives sufficient
aecuraey.

In the graphs there is a close agreement between
theory and experiment. There seems to be an indiea-
tion of the fact that the torpedo tends to damp out
to a slightly nose-up piteh angle for all usual times of
drop. It is unfortunate that, due to the nature of the
eamera used, photographs of launchings from alti-
tudes greater than about 450 ft could not be made.

To indieate why it was necessary to use a slightly
modified form of equation (22), as well as to explain
the lack of ecomplete experimental verification of the
theory of the air trajeetory of the torpedo, the errors
in the experimental data must be considered.

1. From an examination of a number of eases, it is
estimated that there is a probable error of about 0.03
sec in the time of drop.

2. The probable error in determining the height of
drop, which is determined from the time of drop, 18
pdrnnt 4 ft.

3. The errors in determining the horizontal and
vertical velocities relative to air during the drop are
a result of the error in determining these velocities
relative to ground (as obtained by the camera, in
analyzing the photographs) together with the error
in the wind veloeity value which is used to convert
the velocities relative to ground to those relative to
air.

a. There is a probable error of about 3 knots in
determining the horizontal and vertical ve-
boelties selabive 1o gromnd 46 any time during
the drop. This error is due primarily to the
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probable error of about 2 per cent in determin- above ground and that, therefore, the maxi-
ing the scale factor of the photographs. This mum wind in each layer may be considerably §
estimate of the error was obtained by meas- in excess of the average value. |
urements of the small image of the torpedo. Due to this variation in the speed and di-
b. The wind velocity for each launching at the rection of the wind with altitude, the error in
Newport Torpedo Station is obtained by an lLorizontal velocity due to the error in the wind
anemometer on Gould Island at an altitude data may be about 3 knots. :
of 140 ft. A study of the distribution of wind —
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veloeity with height at Quonset Naval Ab Freure 21. Theorctical and observed graph of pitch

Station, whieh is five miles from Gould Island, angle versus time.
during the months from September 1943 to
September 1944, showed that the wind magni- 4. The probable error in determining the trajeetory

tude increases rapidly with altitude in the first  angle 6, at any time during the drop, appears to be
700 £t above the ground and that it veersin a about 0.6 degree. This error is due tv the error in the
clockwise direetion. The effect is espeeially vertieal and horizontal velocities relative to air.
marked in the early morning hours, 0700, and 5. The errors in obtaining the piteh angle relative
diminishes towards noon as the wind strati- to air at any time during the drop lie in the deter-
fication is destroyed by eonvective mixing. mination of the trajeetory angle 6, and the measure-

It should be noted that the balloon data ment of the angle of inelination of the axis of the
give the average wind through the first 700 ft  torpedo at that time.
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Since the probable error in 8 was found to be about
0.6 degree and the error in the measurement of the
angle of the axis of the torpedo was found to be about
0.3 degree, the probable error in the pitch angle rela-
tive to air at any time during the drop is approxi-
mately 0.7 degree.

While the probable error in the pitch angle relative
to sir ab wuy time Jduring the drop is about 0.7 degree,
the error in the smooth curve (in the statistical sense)
through the points is probably very much less.
Nevertheless, although the probabie error in the piucii
angle may be less than 0.7 degree, the actual error
may be very much larger.

65.3.2 Discussion of Experimemal Verification
of Theory of Pitching Motion

In the analysis of the photographs a mean hori-
zontal deceleration and vertical acceleration are ob-
tained. From Section 5.1 it is seen that the trajectory
cannot be described exactly by this mcthed. Since
constant aeeclerativns are used, the values of tan 6
obtained do not correspond exactly to the expressions
given in Section 5.1. In matching the experimental
curves, the expressivus loi ¢ obtaited from cnalyuis
of the photographs were used in each case. In this
sense a slightly modified form of the theory was used.
In general, there appears to be a good verification of
the theory of the pitch oscillations given in Section
5.1.

However, examining many of the experimental
curves of pitch oscillations reveals that some of them
du 1ot have the form predieted by the thoeory Thas,
if there were an error in the horizontal velocity, the
trajectory angle 6 would always be in error during
the drop, and the calculated line of zeio pitch on e
curves would really not be zero pitch as assumed in
the plotting. For example, if there were an error in
the wind measurement and the actual tail wind were
10 knots greater than what was recorded, the pitch
oscillation curve when plotted by the method out-
lined would appear asymmetrical. The torpedo would
ajwear to favor a nose-down pitch since the ampli-
tude of the osecillation in the nose-down direction
would be larger in magnitude than the preceding
amplitude in the nose-up direction, which is impos-
sible according to the thecry given in Section 5.1.
There are quite a {ew experimental curves which
appear to exhibit this type of error. It should be re-
membered that this is an error in the experimental
pitel, atghe weres £t A e sapesbo does not oscillate

' CONFIDENTIAL

with respeet to the air in the manner indicated by
the curves. Since these curves do not represent the
actual oscillations of the torpedo, they cannot be
matehed by theory.

Similarly, an error may often arise (which has
somewhat the same appearance) due to the fact that
the Mark 2-1 stabilizer or one flap of the stabilizer
may have rocked during the air flight. This type of
motion will represent the actual oscillations of the
torpedo since the stabilizer behaves like one which is
presct. By fidng thi tabilipors s aobion T et
produced at the Newport Torpedo Station. These
curves can be matched by the theory in Section 5.1
simply by adding to the equation (22) a constant
mean pitch angle, which must be known, however.

Some irregularities in the curve may be due to the
effect of the variation of the wind magnitude on w
and p. Thus, if the wind changes a certain amount,
w and p, which are proportional to the velocity, will
vary accordingly, and the actual oscillations will not
be periodic or described exactly by a theory which
assumes a constant » and p. However, the magni-
tude of this error is generally very small.

Again, as has Lecn noted in Section 5.4.2, the w In
it plreliisyg me tion inafiootad by roll. This will alter
the experimental curves. The quantitative effects
will be discussed further in Section 5.4.

53.3 Discussion of Experimental Verification
of the Theory of the Trajectory

As has been mentioned, the method used in the
analysis leads te 2 mean Lorizontal deceleration and
vertical acceleration. These cannot be the actual de-
celeration and acceleration. Nevertheless, for the
short thmes A d.tf‘u}i thieet ame dnvvollnsd in the F}‘nf‘n“
graphed launchings and for the relatively low reiease
velocities, the terms involving higher powers of ¢
than # are negligible. The average time of drop was
only some 1.6 seconds and the average speed some
175 knots. Neglecting the ¢* terms, the horizontal
acceleration is — k#o® + 2k%%, and the vertical ac-
celeration is (g — kiVade) — gkdot. In & time T, the

average values of these w ould Lo =k | k22T
and (g — kiVat,) — (ghis/2)T. The maximum errors

in the accelerations produced by using these mean

expressions are, at time 7', k*&*T and — (gkiy/2) T
Tor the photographed drops the average value of

T = 4.5 sec and & = 296 ft per sec. Ct!)nsequently,

the order of magnitude of the maximum' error in the
horizontal deceleration of 0.23 ft per sec per sec or
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about 5 per cent of the horizontal deceleration ob-
tained by using only the ¢* term, and in the vertical
acceleration the maximum error is 0.95 ft per sec
per sec or about 3 per cent of the acceleration given
by the £ term. These are small errors because the
times of drop and release velocities are relatively
low. However, for greater specds and altitudes of
release the error involved in using the average accel-
eration is not negligible.

Tn view of the previous discussion, since ¢ and &
arc both relatively small for photograplied launch-
ings, the higher powers of ¢ than £2 in the expressions

using for k the slope of the straight line in Figure 22
plus 5 per cent of the slope.

Again, in the y or vertically downward direction,
because of the relatively small times of drop and
release velocities, the effect of ¢ terms cannot be
noticed. From the analysis of the photographs the
mean vertical acceleration is obtained. We expect the
slope of the graph of y(&) obtained from the photo-
graph to decrease somewhat with time, hut, sinece {
and @, are small, the effect is only a change in slope
of about 1.80 ft per sec per sec or about 6 per cent
change in slope, which is hardly observable.

HORIZONTAL DECELERATION, IN FEET PER SECOND SGUARED
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F1ouRe 22. Horizontal deceleration versus (horizontal release velocity)? for the Marlc 13-2 torpedo fitted with Mark
9.1 stabilizer and Mark 1 drag ring. Correlation coefficient = 0.94.

for the tiajectory in Section 5.1 are small and conse-
quently difficult to observe. Also they are usually
masked by the experimental errors involved in
analyzing the photographs. C'onsequently, it is ex-
tremely difficult to attempt to verify the higher
power terms than ¢ in the expressions for the air
trajectory. In spite of this, the method used to ob-
tain k serves as sorae source of experimental verifica-
tion. In order to determine k, a graph was plotted of
4he mean horizontal deceleration against #*. Sinee
the effect of the # term is small for this application,
we should expect a good correlation between ithe
deceleration and ¢ from the plot, and the slope of
this graph should give the value of k. Figure 22 shows
this. There is a correlation coeffieient of 0.94, which
indicates the correctness of the theory. The effect of
the # term is approximately taken into account by

One might expect that, using the average value of
the time of drop and release velocity, we might hope
to obtain the average vertical acceleration and com-
pare the result with the experimental averages of the
launchings. This method breaks down due to the fact
that, while the pitch oscillations about the mean
value in any duration of time tend to caneel out to
zero, actually in a relatively short time of drop there
is not a complete cancellation. Thus the theory of
Section 5.1 predicts an average vertical acceleration
for the observed launchings of about 31.1 ft per sec
per sec, while the average results yield the value of
31.5 ft per sec per sec. This slight difference may be
explained by the fact that, for the airplanes used,
the average pitch angle at release is about 3 degrees
nose-down so that the net result in the relatively
short time of drop will tend to be some small average
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42 AIR FLIGHT OF A TORPEDO

pitch angle nose-down which will produce a lift force
downwards and, consequently, could increase the
average vertical acceleration from 31.1 ft per sec per
sec to 31.5 ft per sec per sec.

5.4 AERODYNAMIC CONSTANTS OF
THE MARK 13 TORPEDO

Thus far we heve deveioped the theory of the air
flight of the torpedo and discussed some of the experi-
mental evidence that tends to support the point of
view presented. We now proceed to the determina-
tion of the constants associated with the Mark 13
turpelo with its various air ap endagres.

5.4.1 Method of Obtaining Aerodynamic
Constants and Tabulation
of Results

The characteristics of the Mark 2-1 and Mark 2
stabilizers, with and without thc Mark 1 drag ring,
have been obtained by wind tunncd tests at various
places including the Newport Torpedo Station,
Wright Field, Langley Field, and the University of
Michigan. In addition, strip camera photographs of
airplane launchings at the Newport Torpedo Station
can be interpreted in terms of the theory to give the
satie eunstants.

The model tests at the Newport Torpedo Station
were carried out on a 1£-size morel at a velocity of
100 ft per sec. At Wright Ficld a 14-size model was
used at a velocity of 100 miles per hour. A full-size
model was used at Langley Field. The University of
Michigan tests were carried out on a 0.2236-scale
model, with a wind velocity of 88 ft per sec. All these
niodels were tested wichout propellers.

From the wind tunnel tests it is possible to deter-
mine Cu/a, Cu/¥, Cr/a, Cr/¥, and Cp. However,
with the facilities available, Cx and Cp could 1ot be
obtained in the tunnels. One result for Cx was ob-
La:hcd with aix umillating hlm.ldl, but Jtherwise these
constants have not been determined from tunnel
tests.

.1.116 lucuiluul Ul Ub'ua,;u:us Um/ o, Uh, atid € © Frofi
strip camnera photographs may be described as match-
irg 1lsing evpirimentally determined curves of «ff)
and using the value of o and the slope & at a par-
ticular time as the initial conditions of the motion,
dl‘llbxbhb valaes Jf P 8l J. w Were ttst'._l i thve 100 e
form of equation (22) until a good matching of the

experimental curve by the theoretical curve was ob-
tained. Thus, from curves like those illustrated in
Figures 18, 19, 20, and 21, where expcriment is
matched by theory, the values of p/V and ¢/V? were
tabulated.

From p/V and ¢/V? and equations (4) and (5), Cx
and Cy/«a are obtained.

In order to obtain C'p, the horizontal decelerations
as recorded at the Newport Torjedo Station (ob-
tained from the strip eamera photographs) were
plotted against #¢? and the best straight line fitted
with the cendition that it pass through the origin.
Thisis plotted in Figure 22. If the £* term is negligible,
the slofpe of this line is the value of k. The average
contribution of the £ term to the deceleration in the
cases considered is about 5 per cent of the 2 term.
Conscquently, to the slope sbtained from Figure 22,
5 per cent was added in order to find the value of &
and hence Cp.

The following constants were used to describe the
Mark 13 torpedo fitted with a shroud ring, Mark 2-1
stabilizer, and a drag ring.

I = moment of inertia about a transverse axis

through the center of gravity = 972 slug ft2.

p = density of air = 0.002378 slug per ft.

W = weight of the torpedo = 2,200 1b.

! = length of the torpedo = 13.4ft.

We roay then wirite' Oy la, Og, 0 sl i burmn of
q/V?, p/V, k, etc., and these constants.

The results obtained by the various methods are

listed in Table 1.

5.42 Discussion of Aerodynamic Constants

Before proceeding to discuss the constants ob-
tained by the various methods, the effect of propellers
on the coefficients must be pointed out since this may
account for a good part of the difference between
tunnel tests and full-scale results obtained by match-
ing. All the model tests were run without propellers.
It Las been found in wind tunnel teste that the re
storing moments are markedly increased by the addi-
tion of propellers. In recent tests at the Newport
Torpedo Stath m shodnr rosabls wese JOinined Cver »

1argc range of p}tﬂh anmloe Tt is also found that the

addition of provellers increases the damping coeffi-
cient considerably. Hence, due to the effect of pro-
pellers, it is to be expected that results from full-
seule moaletingd should be sotewhat di'fusssd [noih
results obtained in wind tunnels.
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perimental curves, which represent the full-scale
torpedo in flight, are usually more negative than the
values obtained in the wind tunnels. This is explained
to some extent by the absence of propellers in the
model tests. Furthermore, it is noticed that the
Mark 1 drag ring seems to increase the ncgative
value of Cur/c.

Feld (W), and Langley Field (L). All angles are in radians.
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- ResToRING MOMENT COEFFICIENT C)s/ g0 that one might expect a dispersion in the values of
Cy/«. The value of Cr/c = 1.50 is, therefore, prob-
L : From the values of Cy, a presented in Table 1, it ably the valuc at some average roll angle other than
' £ appears that the values obtained by matching ex- 0 degrees.

Tor the Mark 2 stabilizer the area of the smaller
face is much less than in the Mark 2-1 stabilizer so
that the effect of roll in air on Cy/a will be greater
than in the Mark 2-1. Consequently, the value of
(/e will be too low, due to roll, by a larger factor
than is expected from a comparison of the areas of
the stabilizers in the pitching piane. That this does

Tanue 1. Results obtained for the constants of the Mark 13 torpedo with shroud ring fitted with Mark 2-1 and Mark 2
stabilizers with and without the Mark 1 drag ring (pickle barrel) by matching experimental curves with theoretical
curves and by the wind tunnel tests at the Newport Torpedo Station (N), the University of Michigan (M), Wright

Mark 2-1 with Mark 1 drag ring

Mark 2-1, no drag ring

Mark 2 with drag ring

Cp 0.93 0.87(N) | ...
0.97 (W)
0.84 (M)

Cr/ae | 4.8 (N) | ..o

Culd | o —0.717(N) | ...
0.774 (ND

i
Matching Wind tunnel 1 . Matching Wind tunnel

1.70£0 55

|

i
|
|
- .
|

Matching Wind tunnel
Cyy /e —1.504+£0.13 —1.19(N) —1.254£0.17 —-1.16(L) —1.16+0.03 —1.15(N)
—1.39(W)
—1.36 (M)
|
Ck 2 RTH0.05 | .. 131039 | ... 2.4340.11 | 2.32(P)

0.32(N) | oo e

0.38 (W)
0.30 (2D

49 (L) l .......... L

e —0.662 (N) \ ..................

The value of C'y a obtained by matching is sub-
ject to a probable error of about 10 per cent. The
main vause of this dispersion seems to be the roll of
the torpedo in air. During some part of the drop, the
small face of the Mark 2-1 or Mark 2 stabilizer may
have rolled into the pitching (vertical) plane, and
the effective value of Cy/a would therefore be dim-
inished. The Mark 2-1 stabilizer is not symmetrical,
and the value of ('3 /@ varies with the angle of roll.
From wind tunnel tests at the Newport Torpedo
Station it was found that, for a stabilizer very similar
to the Mark 2-1, when the torpedo rolled 45 degrees
the value of Cuy/a was 0.82 times the value at 0
degrees woll and, when thie torpedu rolled YU degrees
it was 0.65 times the value at 0 degrees. It was not
possible from the photographs to ascertain the magni-
tude of the rofl of the torpedo during the aii fight

L

not appear as an increased dispersion may be due to
the small number of observations.

Damring MomMeENT COEFFICIENT Cx

As has been pointed out, elaborate arrangements
are required in order to measure Cx in wind tunnels;
consequently, very few results have been obtained.
The drag ring probably produces damping of the
oscillations of the torpedo by dissipating energy in
shedding vortices. The damping effect of the sta-
bilizer is duc to the additional pitch angle at the tail
of the torpedo caused by rotation. The moment due
to the stabilizer caused by the rotation will therefore
be affeeted by roll in the: sama way as Cy/« is altered
by the roll in air. Therefore, roll will contribute to
causing a dispersion in Cx, and this should be more
marked withoal the drsg ring shoee the dres ving
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contributes a constant amount to Ck. In addition,
the mean value of Cx for the Mark 2 stabilizer may
be expected to be lower than for the Mark 2-1 since
the effect of roll is larger because of the greater differ-
ence of the areas in the pitching and yawing planes.

In Table 1, two values of Cx are given for the Mark
9-1 stabilizer without a drag ring. This is due to the
iact that very large values of Ux obtuiued by tnatchi-
ing raised the average value above what is probably
the true value. It was found from an inspection of a
number of curves of «(f) for launchings without drag
rings that Ck is small so that the average value of Cx
without a drag ring is in the neighborhood of 1.31.
The dispersion in the value of Cx without a drag ring

" is considerably greater than with the drag ring, even

for the value Cx = 1.31. This is to be expected from
the discussion above and is explained by the roll in
air. It is noticed that C with a drag ring is more than
twice the value without it. This effect will be illus-
trated later.

Drac CoerrIciENT Cp

The value in Table 1 was obtained from the graph
in Figure 22 as has been pointed out earlier. This
value is probably the most rehiabic one since iv 1s
based on full-seale actual flight tests of the torpedo.
It is in fair agreement with wind tunnel results. The
effect of propellers on ('p is not expected to be im-
purtant, and this expectation appears to be con-

firmed.

Lirt CoeFFICIENT C'1/a

e soetticient roubl put be obtained from analy z-
ing strip camera records or photographs of airplane
launchings. The photographs could not give a pre-
cise value for €'y because the times of drop were
relatively low and the lift effect on the Mark 2-1
stabilizer is very small and masked by the pitch
oscillations. Consequently, the only results for €'/«
are wind tunnel measurements.

Damping Forck CorrriclENT Cp

Without the Mark 1 drag ring, Cx = 1.31. With-
out the drag ring, most of the damping arises at the

drag ring, we find Cx is about doubled. Since most of
the forces due to the drag ring, which produces this
additional damping moment, are probably concen-
trated at the nose, when C is doubled, the damping
forces at the nose must be roughly equal to those at
the tail and in the opposite direction. Consequently,
a couple is produced so that with the Mark 1 drag
ring it scems probable that Cp >~ U.

MoMENT COEFFICIENTS IN THE HORIZONTAL PLANE

The values of Car /¢ and Ck in the horizontal plane
cannot be obtained by matching experimental curves
since, as yet, there are no accurate ohservations of
yaw angle as a function of time in the horizontal
plane for the Mark 13 torpedo with air appendages.

For (/¢ we can use the wind tunnel results to
the extent of learning that Cy /¢ is about 0.6 times
Cy/e so that taking 0.6, the value of Csr/ e as ob-
tained by matching experimental curves, we have
Cy/¢ = 0.9. Cxk in the horizontal plane is probably
close to the value in the vertical plane. Although the
area of the stabilizer effective in the horizontal plane
is less than in the vertical plane, the effect of the edges
in the horizontal plane should produce some damping
which siay result fn eboat tho salie ' mwin bl
vertical plane. In addition, the part of Cx due to the
drag ring is present in the same amount in the hori-
zontal as in the vertical plane. Again, C'r should be
about the same as in the vertical plane since Ck is
about the same, that is, Cr == 0 in the horizontal
plane, while without the drag ring Cr = 2Ck. ¥or
(/¢ there are no experimental results. However,
since (/¢ = 0.6Cy/a, one may estimate that
CL/y = 0.6C/a.

5.4.3 Characteristic Aerodynamic Constants
of the Mark 13 Torpedo with
a Shroud Ring

Using the values obtained from actual air flight
tests wherever possible, the following appears to be
a reasonable set of constants.

1. Fitted with Mark 2-1 stabiliser and Mark 1 drag
ring (pickle barrel)

tail of the torpedo. This also has been found true for Cy/a = —1.50,
airships. Consequently, the damping force is con- Cx = 2.87 (pitching and yawing),
centrated at the tail, and the damping force coefli- Cp = 0.93,
cient is Cp = 13.4/6.7 = 2Ck, where 6.7 ft is ap- Cr = 0 (pitching and yawing),
proximately the distance from the center of pressure Cr/a = 4.8,
of the air furves vuting o the torpedy bo thi i tar i = 090,
of gravity. Now, when the torpedo is fitted with a CL/y = 2.88,
CONFIDENTIAL




%

QUANTITIES RELATIVE TO AIR AND TO GROUND 45

I = 972 slug t?,
A = 2.75 ft?,
M = 22(10_ slugs,
32.16
l = 13.4ft,
p = (.00238 slug per foot?.

The constants in the equations of motion become

w = 13.8 X 10-* ¥ (knots) sec™,
= 2.94 %X 103V (knots) sec™,

4.47 X 1078 £t

14.11 X 10-*V (knots) sec™?,

= am3
I

where 7 (knots) may be obtained from Figure 7.
These are the constants used in constructing the
nomogram in Section 5.2.1, Figure 9.

2. Fitted with Mark 2-1 stabilizer, no drag ring,

CM,/C! . 125,

Cx = 1.31 (pitching and yawing),
Cp =033,

Cr = 2.62 (pitching and yawing),
Cr/a =4.9,

Cu/¢¥ = 0.75,

CrL/y = 2.94,

& = 12.6 X 10V (knots) sec™,
P = 1.34 X 10737 (knots) sec™?,

k

™1

1.60 X 108 ft71,
12.7 X 1073V (knots) sec™.

It is both important and interesting to note the
effect of the Mark 1 drag ring on the air flight of the
torpedo. Besides the increased drag in air which may
cause the velocity of the torpedo at entry to be as
much as 40 knots less than the release velocity, the
iportance of the diag ring is due primarily to 2 large
increase in the damping of the pitch oscillations,
Consequently, for the same release conditions, tor-
pedoes fitted with drag rings, in general, will have a
much smaller pitch angle at entry than torpedoes
without drag rings. The amplitude of the pitch angle
at any time ¢ without the drag ring divided by the
amplitude with the drag ring is given roughly by a
factor of the type

e— 1.34 X 1073 V1

e— 2.94 X 107 Pt

which may be seen to be of considerable importance
in determining the subsequent underwater tra-
jectory, as is shown in Chapter 6 (see end of Section
6.3). Incidentally, this ratio increases with time.

This shows the great effect of the Mark 1 drag ring
in changing the pitch oscillations and hence improv-
ing the water entry.

1t should be noted that the shroud ring does not
alter the constants of the torpedo in air since it is
covered completely by the stabilizer.

The British aircraft torpedo is usually launched
with the M.A.T. IV stabilizer which has an area in
the pitching plane of about 1,200 sq in. (60 in. by
20 in.). With this relatively large stabilizer, the con-
stants obtained by wind tunnel measurements are
Cy/a = —4.53 or about three times the value of
the Mark 2-1 with drag rings. In addition, we may
cxpect a correspondingly large C'r/a since most of
the restoring moment comes from the lift at the tail.
Cy/¢ = —1.31 or about 1.45 times the value of the
Mark 2-1 with drag ring. These larger values may be
considered as due primarily to the larger area of the
M.A.T. IV stabilizer.

It is interesting to compare the constants of the
Mark 13 torpedo in air with its underwater charac-
teristics (where the stabilizer and drag ring have
been removed). Thus it has been found in water and
wind tunnel tests without propellers that for zero
elevator or rudder angle the Mark 13 torpedo with
shroud ring (using the density of water)

Ca/a = 0.69 (destabilizing),

Cx =046,
Cp = 116,
Cr/a = 2.24,
Cp =0.13.

1t is noticed that the Ciy/a and Ck produced by
the Mark 2-1 stahilizer with a drag ring are quite
large. In fact, in the air, due to the stabilizer, Ca/a
is negative, or the center of pressure of the lift forces
is aft of the center of gravity, producing a restoring
moment, while underwater the center of pressure of
the lift forces is forward of the center of gravity.

55 RELATIONSHIP OF QUANTITIES
RELATIVE TO AIR AND
TO GROUND

The primary reason for studying the air flight of
the torpedo is to permit a prediction of the water-
entry conditions from a knowledge of the release
conditions. The condition of the torpedo at entry
will determine its behavior in the entry stage and in
the initial underwater trajectory. However, and this
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distinction is the essence of this part, the underwater
behavior of the torpedo will depend on ihe eniry condi-
tion relative to the water. Up to this point all the
quantities which have been discussed, such as veloci~
ties, distances, pitch anglcs, etc., have been relative
to the air.

5.5.1 Quantitative Considerations

The reason why the quantities used were relative
to the air is that the lift and drag forces and the re-
storing: nioments acting on the torpedo in a fluid
(air or water) are determined by the velocity relative
to the fiuid. Thus all quantities so far derived are as
seen by an observer fixed in the air, and all quantities
used arc rclative to air.

This fact does not alter any of the results obtained.
However, since the uuderwaver behavior depends on
the entry conditions as an observer on the ground
(or water) sees them and since the range relative to
ground is an important tactical consideration, we
must examine the results to see what additions must
be made in order to convert quantities relative to air
to quantities relative to ground.

First, it should be noted that, if no wind is blowing,
thint b, if the wir has serG volovity rolative to groond
there is no distinction between quantities relative to
air and relative to ground. However, if therc is, for
example, a 20 knot head wind blowing, the velocity
of the torpedo relative to the surrounding air is 20
knots greater than the velocity relative to ground.
Similarly, if there is a 20 knot tail wind blowing, the
velocity of the torpedo relative to air will be 20 knots
less than its velocity relative to ground. The prob-
lem rediices itself to examining the effect of the wind
on the results previously obtained.

In general, we may transform all quantities derived
from quantities relative to air to quantities relative
to ground by the vector relation

vlg = Vi + van . (28)

V., = velocity of torpedo relative to ground,
V.. = velocity of torpedo relative to air,
V , = velority of air relative to ground, or the wind.

Since equation (28) is a vector equation, it is
equally true for each of the components of the ve-
iuuity,_f, _1;, alx 13 Fir ;)u'uup!\r,

x.w Lo :tla + -’i:ag,

By

where #,, = component of the wind velocity in the
z direction.

To consider the effect of the wind, we shall con-
sider separately its effect on the trajectory and on the
pitching and yawing motions. It will be assumed that
the wind remains constant through the drop. Although
this is rarely the case, the effect produced by varying
winds is complicated and small and will be neglected.
The wind velocity used will always be the velocity
at release.

652  'Effect of the Wind on rhe Trajectory

Let the wind velocity at release have the three
components #.,, Y.y, Zay-
1. z Direction. As has been pointed out from equa-
tion (28),
x.tp = i:la + -’i:ap (29)
so that
xl([ = Xta + j:agt ]

where x,, will be the horizontal range relative to
ground that the torpedo will traverse in its air fiight.

From these considerations 1t 1s seen that with a
tail wind component the speed of the torpedo or
plame nt mdiase relative to air is less than the speed
relative to ground, while for a head wind the speed
relative to air is greater than thc speed relative to
ground. In addition, the amount by which the range
relative to ground is greater than the range relative
toair is given by &t

2.y Direction. If § or y relative to air are to be
different from § or y relative to ground, then there
must be a vertical component of the wind. There 1s
not much information on this point, but the trans-
formation is quite simple:

?]tg = ?]la + ?]aa ’

where 7., is positive for a wind blowing vertically
downward toward the earth.

3.z Direction. In Section 5.1 the z, ¥, and z axes
were chosen so that relative to air at release 2 = 0.
As a result, to the first approximation, the trajectory
of the torpedo in air was in the vertical (a—y) plane.
This would mean that at release the torpedo would
not experience a cross velocity relative to the sur-
roureing nir. Cunsequently,

Zig = Zag
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or relative to ground the torpedo will be drifting
perpendicular to its axis at a rate which is the magni-
tude of the cross wind at releasc. This is as expected
for, if the torpedo is not to experience a cross wind,
it must drift with this wind at release so that the
relative velocity is zero. With a cross wind the tor-
pedo will fall in a vertical plane relative to air (ac-
cording to the way an observer on the torpedo would
feel the relative air), while relative to ground the
torpedo would be diifting in the hodzontal plae.
The distance the torpedo will drift relative to ground
18 Z4yt.

Thus, for a given release velocity relative to air and
with a tail wind, the trajectory angle relative to
ground (6,,) is smaller than with a head wind.

Figure 23 illustrates these results. This figure
shows the trajectories relative to ground that result
from horizontal release for a constant velocity rela-
tive to air of 200 knots with no wind, a 35-knot head
wind, and a 35-knot tail wind. The thiee trajectorics
are different, even though they are drawn for the
sutitc meleuse voloeity sulntivi Lo wir because, for the
torpedo to be released at a constant velocity relative
to air with a tail wind, its velocity relative to ground

5° NOSE UP 4° NOSE DOWN
GROUND RELEASE
CURVE WIND SPEED (KNOTS)
A 35 KNOTS - TAIL 23%
8 0 KNOTS 200
C |35 KNOTS -HEAD 165

Ficure 23. Trajectories, as scen from ground, for various winds. Constant release speed (relative to air) = 200 knots.

4. 8 Trajectory Angle. The wind will cause the tra-
jectory angle relative to ground to be different from
that relative to air.

A good approximation for 6, at any time during the
drop is obtained by retaining the first term in a
Taylor series, thus

iy =— 2 = tan (6. + A6).

Lta + xay
Then

A0 2 — ) sin 20,720

Lo

and

8, = 6. —  sin 20, 222 (30)

Lo

6, is given according to Section 5.1.3 by

tan 6, = co + cif 4+ cof* + - - -

must be larger than the release velocity relative to
air; with a head wind the release velocity relative
to ground will be less than the release velocity rela-
tive to air. Therefore, relative to ground, for con-
stant release velocity relative to air, a tail wind tends
to produce a smaller trajectory angle and a head
wind a larger trajectory angle.

5.5.3 Effect of Wind on Angular Motion

PircH ANGLE

The presence of a wind component in the direction
of motion will also cause the pitch angle relative to
ground, a,, to differ from the pitch angle relative
to air, ..

To find the relation between «, and «, it is to be
remembered that

a, = angle of axis of torpedo, 6, ,
a. = angle of axis of torpedo, 8, .
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Consequently,
og =+ (0o — 6;) . (31)

The meaning of this relation is readily understood.
The torpedo axis is at a certain angle with the hori-
zontal. The pitch angle is the angle between the axis
and the tangent to the trajectory. Consequently, the
difference b tween o, and . is the difference between
the two trajectory angles.

that eomputed from the release velocity relative to
the air. However, only the correction to the vacuum
trajectory will be changed, and a computation using
the time average of the wind in which the torpedo is
moving will give a close approximation to the exact
result. In addition, the torpedo oscillation tends to
damp out until its axis lies along the local air trajec-
tory. Since this is changing differently from the way
it changes with a constant wind, the mean position
will be a little different. The primary effect of a var-

—>
]5.?

———
0° YAW ANGLE

len KNOT WIND

x: : 5.7° YAW
3

ANGLE

A - TORPEDO TRAJECTORY RELATIVE TO GROUND WITH NO WIND.

B - TORPEDO TRAJECTORY RELATIVE TO GROUND WITH 20 KNOT

WIND IN DIRECTION OF ARROW.

AIRPLANE DRIFTS WITH THE WIND AT RELEASE SO THAT
GYROSCOPE IS AIMING IN DIRECTION OF TARGET.

Figure 24. Trajectories relative to ground in horizontal plane at 200 knot release velocity.

From (30) it is therefore clear that

@, = an — ysin 20,7 (32)
%

Thus it may be concluded that, in general, a tail wind
tends to produee a nose-down pitch relative to ground
and a head wind tends to produee a nose-up piteh rela-
tive to ground.

This is illustrated in Figure 23 where we have the
same air trajcctory with a 35-knot tail wind, no wind,
and a 35-knot head wind. In this figure, for sim-
plicity, the pitch oseillations and mcan pitch angle
have been taken as zero.

Since the pitch of the torpedo o, is an important

‘quantity and the entry behavior is sensitive to small

ehanges in this angle, it must be recognized that the
neglect of the variation of the wind with altitude
may not be eompletely satisfactory in this connee-
tion. The angle 6, ncar the ground will not be exactly

iable wind is on a, and hence a,. The variation of the
wind magnitude does not affect the solution of tl.e
homogeneous equation (20) but only alters the par-
ticular solution given in equation (21) by altering the
value of 6. Taking this into account and using equa-
tion (30), onc can easly compute aa if the type of
variation of the wind is known, and, knowing the
wind at the water level, «, at entry (which we shall
call «) is then determined. However, for many pur-
poses it appears that the use of a suitable mean wind
might give a satisfactory approximation.

YAw ANGLE

Tor a constant cross wind ¢, will differ from Yo By
analogous reasoning to that used to determine «y,

Yy = VYa + (4a — V'a) . (33)

For constant cross wind p, = 0 and equation (32)
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indicates that a wind from the left will tend to produce
a yaw angle to the left relative to ground and a wind from
the right, a right yaw angle relative to ground.

This may be understood by the fact that for a con-
stant cross wind, neglecting the yaw oscillations, the
torpedo will have zero yaw (at release the pilot tries
to maintain zero yaw) so that the torpedo is drifting
with the cross wind. Consequently, if a witd is blow-
ing from starboard so that the torpedo is drifting to
purt urd puintiug straight uheesd, the rosult in w atar-
board yaw angle. This is shown for & = 338 ft per
sec and 2., = 55 ft per sec in Figure 24.

5.5.4 Summary

In this part we have examined the effect of wind in
altering the trajectory, trajectory angle, pitch and
yaw angles relative to air and relative to ground.
Given the release conditions of the torpedo and the
wind, the condition of the torpedo relative to air and
redative tu ground at eutry roay be predicted. Be-
cause of the sensitivity of the entry behavior to the
exact pitel and yaw angles, these effects of the wind
are of great importance in prescribing the conditions
for torpedﬂ launching.
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Chapter 6
WATER ENTRY

THE sTUDpY of the air flight was concerned with
predicting the conditions of the torpedo at im-
pact from a knowledge of the release conditions. In
the study of the water entry, it is desired to prediet,
from a knowledge of the entry conditions, the under-
water behavior of the torpedo from the time of im-
pact with the water to the time it settles down to its
normal run.

The entry conditions of a torpedo may be described
by the values of the following quantities at the in-
stant of water impact.

. Velocity, V.,

. Trajectory angle, 6.,

. Pitch angle, a.,

. Pitching angular vclocity, d.,
. Yaw angle, ¢.,

. Yawing angular velcity, .,
. Roll angle, ¢.,

. Rolling angular velocity, ¢..

In the subsequent discussion, the effect of these
quantities on the initial underwater trajectory will be
traced through the various phases of the trajectory.
T (u\i\iit);\;ll, the effeet of ph_y.;i sul Paralucbers of thic
torpedo, such as head shape, moment of inertia, mass,
length, diameter, position of the center of gravity,
and center of buoyancy, and the tail structure, will
be considered.

T plaasrs il
jectory will be divided for the subsequent discussion
are

Q=1 = Ut W N e

whiiph thy initig) iinderwater tra-

. Impact (elastic wave in the water),

. Flow forming (head is being submerged),

. Motion in the cavity before tail slap,

. Motion in the cavity after tail slap until cavity
elosare saxd durbre the subscgucat envity dinst
pation,

5. The subsequent noncavitating motion of the

torpedo.

Although the disgussion wili be presented 1n general
terms and will be specialized only for illustration and
verification of the ideas presented, it must be re-
membered that most of the available information is
based on studies of the Mark 13 torpedo. Most of the
illustrations will be based on this torpedo and the
points of view of the theory have largely developed
around it. The Mark 13 torpedo head consists
poigrhily ol | oiuing disen Ldlaws] by a finely tagiered

H= QO )

[
. s
b ST s

Froure 1. Mark 13 torpedo warhead—practically a
hemisphere on a fincly tapered cone.

cone and is illustrated in Figure 1. Radical depar-
tures from this shape may alter the relative impor-
tance of various features of the analysis.

6.1 IMPACT STAGE (ELASTIC WAVE)

6.1.1 Pressure at Point of Impact

Exeept in the very extrerae case in whick the point
of a pointed head makes the first contact with the
water surface, the impact pressure exerted on the
head, as caleulated for a ““perfect fluid” by potential
hydrodynamic theory, is infinite since a mass of water
is given finite kinetic energy in zero time. However,
siace wate: is cotupressivle, it caunol sustait af.
finite pressure, and the pressure on the head will be
lisuited by the: compressibality of the fluid

When the torpedo strikes the water surface, the
part of the nose that normally makes first contact is
oot ibinlly Eat 8o thal & ecmnpessivm W & gotee-
ated, and the pressure behind this wave may be
easily calculated.

1 he bulk modulus tor water is glven by

E = pc?,

where o 15 the dewsity of water, 2 slups perew I, ard
c is the speed of sound in water, 4,800 ft per sec.
Censider a cylindrical element of water of length
eAt, of unit cross-sectional area and with its axis
normal to the surface ot the water at the pomnt ot
contact. This cylinder, on impact of the torpedo,
undergoes a compression of magnitude V,.At, where
V. is the normal velocity of the torpedo relative to
the surface. The strain (compression) of the water is

then
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80 that the pressure on the nose of the torpedo st the
point of impact, which is the pressure behind the
elagtic wave, is

p =2V _ v,
c

For a torpedo entering the water at a trajectory

angle 6.,
Va.= V.siné.

so that, if the water surface is initially at rest,

Vn = Vnr
and
p = pcV.sin d. b per sq ft. (1)
For the Mark 13 torpedo with 6. = 20°, and
V. = 500 ft per sec, p = 11,400 1b per sq in., which
is many times the stagnation pressure.

6.1.2 Time Duration of Pressure at Point of
Impact and Area over Which Tt Acts

We now inquire into the time during which this
pressure at the point of impact may be regarded as
constant and the area of the nose over which it acts.
At impact, the point where the torpedo, water, and
air meet usually recedes from the point of initial
contact with a velocity greater than c, the velocity
of sound in the water. This is becaase of the near
flatness of the impact surfaces. As a result, the elastic
wave that is generated at impact, and which pro-
duces the large pressure, cannot escape. At impact,
the rate at which this point recedes is infinite. How-
ever, unless the head is really flat, this rate diminisies
until its value is less than ¢, and the wave can then
escape. The peak pressure persists during the time in
which the pressure wave cannot escape, and it begins
to damp out thereafter. The pressure wave begins to
decay after a time which is roughly equal to twice
the time required for the velocity at which the point

TORPEDD WATER
NOSE SURFACE,

FIGURE 2. Diagram of torpedo nose entering the water.

of contact of the torpedo, air, and water, recedes to
diminish to the speed of sound ¢. The factor of two
arises since the wave is reflected from the point
where the velocity of the contact point is just equal
to ¢. From Figure 2 it is readily seen that the velocity
of the point where air, water, and the torpedo meet is

Ve.sin (6 + B) csc 8.

Consequently, this point of contact is moving faster
than ¢ until the surface of the torpedo makes an
angle 8 such that

Ve sin 8

¢ sin(@.+8
The value of B corresponding to this condition
depends on V. and 6. only and is independent of the

shape of the head. Generally 8 is quite small so that

sing=tang =8.

Then
Ve 8
¢ sin 8. + B cos b,
or
Y—e sin 6.
¢

B —
7
1-— Ve cosf,
c

For the Mark 13 torpedo, which has a hemispher-
ical nose of radius r, since 3 is small

sinB=tanpB =0 = —
-

2* is the horizontal distance from the point of impact
to the place where the contact point (air, water, and
the torpedo) travels at the velocity c.

Then, since for most torpedo launchings

Y—ecosoe<< 1,
c

= Vesinf.r . @
¢

Similarly, for the spherical head it can be seen from
the figure that the time necessary for the point at a
distance x* ahead of the point of initial contact to
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reacli the undisturbed surface of the water is approx-
imately
= r(1 — eos B) ga_cf ‘
Vesin 6, 2¢

During a time of about twiee this length the pressure
eontinues at near its peak value. Henee for the Mark
13 torpedo the pressure begins to decrease after the
time

o* = —Efsin 9. . 3)
C

With V. = 500 ft per see and 6. = 20° this time
amounts to about 6.4 microseconds.
The area over which the pressure aets is given
roughly by
A = rmx?

as long as @ < z*. The maximum value of this quan-
tity, A* = wr* for the Mark 13 torpedo at 500 {t per
seeand 0. = 20°, is about 0.58 sq in.

A similar approximate calculation can be carried
through for any shape of nose, and an estimate can
be obtained of the time and area over whieh the
maximum pressure acts. 'The more pointed the nose,
the faster the increase in 8 and hence the smaller ¢*
and @ The extrenae rotighitioss of the estimate, e
ever, must always be kept in mind. The above caleu-
lation of z* really only applies to the forward diree-
tion, and the values of the rear and to the sides will
certainly be different.

6.1.3 Effect of Elastic Pressure Wave

With the physieal descripuion of the phenoinena at
impaet, we may estimate the effect the elastic wave
pressure on the nose has on the damage sustained by
the torpedo and the influence of this pressure on the
trajectory and underwater behavior of the torpedo.

From equation (1) we know the magnitude of pres-
sure the head of the torpedo must withstand at the
point of impact. This is not particularly significant
for, as will be shown later, the nose must sustain even
greater pressures at later stages in the entry.

Since the time for which this constant pressure
wave persists is very small and the area of the nose
over which it acts is also small, we can expect both
the force and the impulse due to this pressure to be
small.

The force in the longitudinal direction is given by

Fy = pA*sin 8, = wpcV . sin? 0, (x*)?

CONFIDENTIAL

and in the transverse direetion
F, = pA*cos 6. = wpcV.sin b, cos §.(x*)% .

For the Mark 13 torpedo with V., = 500 ft per sec,
6. = 20°, the numerical values are

Fy=226X 101D,
Fo=6.22 X 10°Ib,

and the impulse is given by
]
Jf Fdi < Ft
1]

so that the longitudinal impulse for the Mark 13 is

I; < 1.45 X 10 %1b see,
I, < 3.98 X 1021bsec.

Conscquently, we can say that the resulting change
in the linear or transverse veloeities due to the elastic
pressure wave is entirely negligible.

However, as will be shown shortly, in later stages
of submergence of the nose, large compression wave
pressures and smaller hydrodynamic pressures acting
for & burmer titne aee produced which buve ronrkeoil
effects en both damage and the trajectory.

€.1.4 Effect of Drag Ring amd Nose Cap

When the Mark 13 torpedo is fitted with the Mark
1 drag ring (pickle barrel), we cannot expect the
pressures at the point of impaet to be predicted by
\l), UuL we Lapli bllt,.u LU e lbo'a' thiali th 219 vi«lub;s.
The reason for this is that, when the drag ring is on
the nose of the torpedo, it strikes the water first and
has two effects:

1. The drag ring starts the water moving before
the nose of the torpedo comes in contact with the
water, with the result that the relative velocity of
the torpedo to the water is diminished, V. < 17,.

2. The drag ring serves as a “cushion” so that
the pressure on the nose of the torpedo would be
governed by the compressibility of wood which is
greater than that of water.

In some launchings the Mark 13 torpedo is fitted
with a nose cap over the drag ring (in order to reduce
the drag while the torpedo is being carried by the
airplane). If the torpedo entered the water with the
nose cap, we should expect a similar reduetion 1n ine
pressure at impact due to its presenee for the same
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Ficure 3.

reasons as the reduetion due to the drag ring. These
effects and the experimental verification of the pre-
vious analysis have been observed at the California
Institute of Technology Torpedo Launehing Range
[CIT-TLR].

6.1.5 Summary of Elastic inpact Stage

At impact the water is compressed, forming a pres-
sure wave. The magnitude of this pressure 1s given
by (1) and is proportional to V. and sin 8,. For the
Mark 13 torpedo with V. = 500 ft per sec, 6. = 20°,
we have a pressure p = 11,400 b per sq in. acting
for a time t = 12.9 X 10~ seconds; the area over
which this acts at this time is 0.38 sq in. The effect
of the pressure wave on the damage is not important,

‘--KOPFRINN"\

KOPFRING NOSE %

Illustration of flow separation on various noses.

since the nose must sustain even greater pressure as
will be seen later, and its effect on the trajectory 18
negligible. Furthermore, the pressure at the point of
impact is considerably diminished by the drag ring
or a nose cap. In fact, this entire stage is of such short
duration that it is usually negligible.

6.2 FLOW-FORMING STAGE

This stage of the motion lasts until the head of the
torpedo is submerged so that the flow breaks away
from the top side of the nose. During this stage the
torpedo undergoes a change in its longitudinal ve-
locity and a change in its angular velocity. The de-
tails of these changes have not be~n observed, except
in models, and, since they take place in a very short
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time, they will be treated as impulsive changes. The
impulsive change in angular velocity. in the vertical
plane is called the whip. It is the magnitude and di-
rection of the whip that is the important consequence
of this stuge of the motivre. The phenomena oceurring
are understood qualitatively, and some quantitative
results have been obtained experimentally; however,
it 18 in this stage that a quantitative theoretival ap-
proach is most lacking.

This stage is also of importance from the point of
view of shell damage since there is a high peak de-
ereleration during the nose submergence.

The most important physical characteristic of the
torpedo during this stage of the motion is its nose
chape. 1% fa'the dhaape of the nus that [Jl'l warily k-
fluences the whip at entry, and this in turn has a eon-
trolling effect on the subsequent underwater tra-
jectory.

6.21 Duration of the Flow-Forming Stage

When the torpedo nose enters, the water will flow
around it until separation occurs both from the top
and from the bottom. Onc can say briefly that the
flow will separate from the nose at any point where
the total pressure on the nose is roughly zero or at any
discontinuity on the surface of the nose for at a dis-
continuity the theoretical pressure becomes nega-
tively infinite and the flow must separate. The point
on the nose where the total pressure becomes zero
depends on the pressure in the air or vapor near the
torpedo head. Since at the time we are concerned with
flow separation the torpedo head is still in the air,
the pressure around the head is roughly atmospheric
pressure or perhiaps somewhat less than atmospheric
pressure.®

Consequently, it is clear that the time duration of
the fowdurming stage is intimately connected with
the nose shape. In order to calculate the point at
which the flow breaks away for “smooth’” heads like
spheres and ogives, the pressure distribution must
be known. This point is, however, still somewhat
obscure. Nevertheless, for noses with discontinuities,
such as cones, flat heads, truncated cones, noses with
kopfrings and spigots, examples of which are 1llus-
trated in Figure 3, the flow will separate at the dis-
continuity of the nose. Thus it is possible to calculate

s There may be some circulation of the air in the region near
the place where the head, water, and air meet, which could
reduee the pressure. 10 is esth wtod by thu ik eris Dern Usc 1y
which works on models, that this reduction of pressure is
about ¥4 to 1 atmosphere.

roughly the duration of the flow-forming phase of the
motion for various shaped noses.

Let 7, be the angle at which the flow separates from
the upper side of the nose. This angle is constant for
all hemispherical heads, and different estimates of its
magnitude vary from 42° to 65°. If r is the radius of
the hemispherical nose, then the time to separation of
the How front the upper sile of the nose s ghea
roughly by
_r[1+sin (g, — 6.)]

V.sin 6. )

t

This is illustrated in Figure 3.

A rough picture of flow separation on a one-inch
gl of the CIT Steel Dummy is illustrated in
Figure 4. In this figure the one-inch model is seen

Fivune 4. Plow separation on 1-in. model cf Steel
Dummy at end of flow-forming stage (6. = 19°).

just after the end of the flow-forming stage. This is
not neeessarily an exact model of the full-scale tor-
pedo behavior but it illustrates the concept of flow
separation and flow-forming stage.

If N = 550’ f()l' 6(7 = 200’ 1"/8 NN £+ naw qgon
t = 8.6 X 1073 sec = 8.6 msec.

For heads of other shapes an approximate time to
flow separation can be estimated along lines indicated
in Figure 3. .

1 should Ue renecmbered ti;{i‘l., wirtle tlee How BYfA
rates from the nose at the varicus points discussed
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above, if the cavity angle of the flow at separation is
not great enough, it may easily reform on a part of
the body further aft. This has been found with spigots
in some experiments on nose shapes with rockets and
on other projectiles like the Shark when yawed. Thus
a second kopfring was put on the Shark head since
the flow which broke away from the first kopfring
when the projectile was pitched or yawed reformed
on the body. The flow broke away from the second
kopfring when the Shark projectile was yawed and
then cleared the e1.tire body.

6.2.2 Pressures Acting on the Torpedo Nose

During the time of submergence of the nose of the
torpedo large pressures arc acting on it. At the point
of impact the pressure on the nose is approximately
given by equation (1). As the torpedo enters the
water and before the water has started to move,
there will be points on the torpedo ahead of the point

ELASTIC WAVE PHASE

INITIAL PART OF
FLOW=-FORMING PHASE

Frovme 5. Schematic illustration of elastic wave and
initial part of flow-forming stages.

of impact at which the relative velocity of the tor-
pedo to the water will be greater than at impact (see
Figure 5). Thus, at a point on the nose where the sur-
face of the nose makes an angle 8 with the water
surface, the velocity relative to the water is

Ve sin (06 + ﬁ) - Vw ’ (4)

where V. = velocity of the water. Consequently, if
V. = 0, the pressure at this point on the nose is given
by

P = pcV,sin (6, + B) . (5)

Since sin (6. + 8) > sin 8. for points forward of the
point of impact, the pressure at points forward of
the point of impact is expected to be greater than
at the point of impact. Similarly, it is expected that
the pressure aft of the point of impact should be less
since the relative velocity is smaller. Presumably
these pcak pressures begin to attenuate immediately,
somewhat as illustrated in Figure 6.

Pz pe [Vg 5in (84 +B)-Vy]

P=pc (Vpsin 6,)

-RELATION DISCUSSED IN SECTION
ON FLOW-FORMING STAGE

PRESSURE

RELATION DISCUSSED IN SECTION
ON ELASTIC WAVE STAGE

ot TIME

Ficure 6. Pressure-time relations.

The CIT-TLR uses hydropressure plugs in order
to record peak pressures at various points on the nose
of the Mark 13 torpedo, as illustrated in Figure 7.
About twelve plugs are inserted so that the distribu-
tion of the peak pressures over the nose is recorded.
Examples of the results obtained are given in Figure
8. From this figure the effect of the drag ring and nose
cap in reducing the elastic wave pressure is apparent.
From equation (5) we might expect to predict the
pressure distribution over the head except that the
relative velocity of the torpedo to the surrounding

+ aa tha
Uy @D Gkl

water is not known. It is to be expected tha
nose is submerged and momentum is imparted to the
water, the water will flow and diminish the velocity
of the torpedo relative to the surrounding water.
However, in the neighborhood of the point of im-
pact, the water has not had a chance to flow so that

the recorded pressures should be roughly those pre-
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56 WATER ENTRY

Ficure 7. Mark 13 nose fitted with pressure plugs.

dicted by equaticn (1), which is equation (5) with
8 = 0. In Figures 9, 10, and 11 the observed pressurcs
at the point of impact (8 = 0), at the point 16° for-
ward of the point of impaet (8 = 16°) and 16° aft of
the impact point (8 = —16°), are compared with the
pressures predieted by equation (5). On the whole,
considering the experimental errors and the very
erude nature of the theory, the agreement is good.
Forward of the position which is 16° forward of the

_point of impact, we notice from Figure 8 that the

peak pressures are significantly less than indicated by
the estimate. Here the water has had time to acquire
a velocity so that V., > 0, and the relative velocity of
the torpedo to the water is less than V.. We do not
know the magnitude of V., but we do know that the
caleulated pressures must be too high.

As has been mentioned, these compression wave
pressures attenuate very rapidly so that they only
exist for a very short time. However, when they have
damped out, the hydrodynamic pressures remain
about a body whieh is decelerating in a fluid, but
around whieh the flow is still forming so that the
water has not yet separated from the top of the nosc
of the turpedo. These pPessures probably vary as V™
They are smaller in mé‘,gnitude than the compression
wave pressurcs, but on the other hand they act over a
larger area and exist for a longer time.

Various theoretical attempts have been made to
determine the distribution of these hydrodynamic,
V2, pressures over the nose of the torpedo for simple

MaRK 3 WOBE
A LAUNGHINGS

MARK 13 NOSE
FITTED WITH MX-I
DRAG RING
{PICKLE BARREL)
3 LAUNCHINGS

" .
g&'nﬁ ) MARK 13 NOSE
: a0 FITTED WITH MK-I
g B DRAG RING
k/ o PLUS NOSE CAP
£ il - 2 LauNCHINGS
F 3

Fioure 8. Maximum pressure distributions obtained
by pressure plugs (A, B, ete.) at CIT-TLR.

head shapes. So far, only some results for the vertical
entry of a sphere have been obtained by two different
theoretical approaches. These results are not directiy
applicable to the problem of oblique entry, which is
the practical problem we are concerned with in the
water entry of torpedoes. These results indicate that
the V2 pressures on the nose during this stage of entry
are many times the stagnation pressure. The theoreti-
ral results obtained for this simplified case are in fair
agreement with experimental results, but more work
should be done along these lines.

Consequently, we have no theoretically reliable
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]

*MARK 13 PLAIN NOSE

+MARK |3 FITTED WITH .
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Ficure 9. Pressure at point of impact (8 = 0°) versus
entry velocity for Mark 13 torpedo; Station F.
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Froure 10. Pressure at point forward of impact
(8 = 16°); Station E.
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Fioure 13. Mark 13 afterbody buckled (‘“accordion
pleated”) by high-speed entry.
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Figure 11. Pressure at point aft of impact B =
—16°); Station G.
Figure 12. Mark 13 nose without drag ring ‘‘dim-
pled” by high-speed entry.
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quantitative results for the V* pressures on the nose
of the torpedo for oblique entry, but we do have
many qualitative results as well as experimentally
obtained quantitative results. Many of these will be
discussed when the trajectory in the flow-forming
stage of the motion is described.

623  Damage During Flow-Forming Stage

The damage to the torpedo at entry may be di-
vided roughly into damage to the shell and damage to
the internal mechanisms of the torpedo.

DAMAGE TO THE SHELL

Damage to the shell of the torpedo is due to the
high peak pressures which last for a relatively short
time. In the casc of the Mark 13 torpedo, the very
large pressures predicted by equation (5) have been
found to “dimple’”’ the nose of the torpedo. This has
been observed both at the Newport Torpede Station
and the CIT-TLR. In Figure 12 the photograph of
the nose of a Mark 13 torpedo launching at the CI'T-
TLR in which the nose was “dimpled’ is illustrated.
The point of ““dimpling” is about 30° off the axis of
the nose and occurs close to the point of maximum
pressure.

As has been discussed in Chapter 5, the drag ring
diminishes the peak pressures, as may be seen from
the pressure plug readings in Figure 8. Consequently,
this type of nose damage should be cousiderably
diminished by the presence of the drag ring. Further,
it has been found that the peak deceleration of the
Mark 13 torpedo during this stage of the motion is
very large and varies roughly as 172 or faster. These
peak decelerations are only local in nature and have
little relation to the motion ot the torpedo. They are
measured by aceclerometers in the nose and represent
local deformations. The recorded magnitudes are
over 1,200¢ in a direction transverse to the torpedo
axis. Tt is to be expected that the forces causing this
high deccleration would damage the shell. With the
drag ting ou the aose, this peak deceleration is
diminished to about 75 per cent its value without
the drag ring. Thus it was found that, for 17, = 400 ft
per sec for the CIT Steel Dummy (M = 47.2 slugs),
for 0, = 20°, the accelerations as recorded by in-
denters in the nose are

Plain nose 505¢,
Drag ring 405¢,
Drag ring and nose cap 340g.

Further veiification of these predictions and re
sults have been obiained in Iaunchings at the New-
port Torpedo Station. There it was found that, for
launchings for which roughly V., = 450 ft per sec,
without a drag ring the torpedo nose was “dimpled”’
at entry, and the afterbody was ‘“accordion pleated,”
that is, it was buckled as is expected from a very
high peak axial deceleration. This last type of dam-
e T wlis hesm chmerved at the CIT-TLR and is
illustrated in Figure 13. However, when fitted with a
drag ring, none of these effects was noticed in the
entire velocity range at which torpedoes were
launched at the Newport Torpedo Station (up to
about V., = 600 ft per sec).

Another type of shell damage occurring during this
stage of motion is the failure of the joints of the tor-
pedo. Due to the nose-up angular velocity received
during this stage of the motion, large stresses are ex-
perienced at the joints of the torpedo sheli. This
failure hag been observed at the CIT-TLR and is
more marked the more the pitch is nose-up at entry
since this increases the nose-up whip.

CoMPONENT DAMAGE

Component damage to the torpedo is rarely pro-
duced by this sudden peak deceleration except per-
haps on some types of exploder mechanism in the
nose. The behavior of the components when subject
to a sudden short peak deceleration is as though they
had suddenly received the impulsive velocity change
sustained by the torpedo. Thus it may be proved
that the acceleration sustained by the components of
the torpedo is proportional to the impulsive change
in velocity. The main source of component damage is
the steady drag deceleration which will be discussed
further under Torpedo Damage inn Section 6.3.

6.2.4 Impulsive Axial Velocity Change

Guxeral CONSIDERATIONS
Since, during this relatively brief stage of the mo-
tiun, momentun s eoneerved,, we may say that

MV, = (M +m) (V. — AV),

where m represents some suitable mass of water
which is being accelerated. This may be called the
induced mass. Consequently

AV =" V., (6)
M+ m
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or the axial loss in velocity is proportional to the
entry velocity. The value of the quantity m, the mass
of water being s.eeelerated, is obscure.

Several suggestions have been made for the value
of =1 to be associated with the entry of o sphere in
water.

1. Tt has been proposed that the value of m be
taken as half the induced mass corresponding to the
potential flow about a sphere whose radius is given by
the radius of the circle of intersection of the water
surface and the entering splicte, that 1, 1/3747,
where r is the radius of the circle. (Of course, r is a
function of the depth of penetration of the sphere.)

2. Tt has also been suggested that the value of m be
taken as the induced mass correspo: ling to the po-
tential flow about a disk whose radius is the radius of
the circle of intersection of the sphere and the water,
4/3p1%.

In addition, in one theoretical attempt at the cal-
culation of the vertical entry of a sphere in water the
value of m has ,een obtained by replacing part of the
sphere below surface by a lens with some refine-
ments and using for the virtual mass the results ob-
tained by hydrodynamic theory for the induced mass
of a lens. The results were not too different from the
results obtained using m associated with a sphere as
above. However, no theoretically reliable estimates
of the quantity m are at hand fo. oblique eitiy, 5o
we can only say that it is expected that V will be
proportional to V..

Tn order to discuss the magnitude of A1, we must
decide on what distance of submergence of the head
we are considering in the measurement of AV. The
distance will be taken to equal the distance corre-
sponding to flow separation from the upper side of
the nose, which is defined as the duration of the fiow
forming stage. It would probably be desirable to be
able to attribute a certain amount of this change in
axial velocity during the entire flow-forming stage to
the compression-wave pressures which we found to
vary as V., and the balance to the hydrodynamie
pressures whieh vary as V2. However, there is not
sufficient evidence, even for the Mark 13 torpedo, to
be able to make this kind of division. Both types of
forces usually exist at the same point on the nose at
different times. Furthermore, for both types of forces
the net impulse varies directly as the velocity. Thus:

1. Forces varying as V., since they are compres-
sion-wave forces and attenuate very rapidly, may be
considered as acting for a very short time which is

constant independent of V.. The impulse is therefore
proportional to V..

2. The hydrodynamic forces vary as V., and the
time for whieh they act is roughly the time duration
of the flow-lurmuirg phase of the motion. This varies
as 1/V,. Consequently, for this type of force the
impulse also varies as V.

As a result, from records on hand which give the
axial velocity as a function of time for time intervals
of a millisecond we cannot distinguish the effects of
thiese vwo typos o fovees

MAGNITUDE OF AV

Because of the inadequacy of the available theo-
retical estimates of m, the magnitude of AV can be
obtained only from direct observation. Unfortu-
nately, there are experimental results for only one
shape nose, namely, the Mark 13 hemisphere.

For the Mark 13 it is found that, during the flow-
forming stage, approximately AV = 0.034V,. AV is
proportional to V., and the time duration of this
stage of the motion is proportional to 1 /V.. Since
AV = (a/2) At,where ¢ isthemean acceleration during
this phase of the motion, we can say that @ « V.2
At the CIT-TLR, accelerometer records obtained in-
dieate this fact very clearly.

In general, as the dimensions of the nose increase,
thic v darmtion of the fow-domning yheme inereases
sothat AV during the flow-forming stage will increase
with the dimensions of the nose. In addition, it is
expected that, as the eross-sectional area of the nose
increases, the area over which the hydrodynamie
forces act will increase with the result that AV will
increase roughly as the cube of the linear dimenslons.

Not much experimental information has been ob-
faired Tor thur sh apednom= However ivis probablv
true that AV increases for blunter noses and decreases
for finer noses. For eones up to moderately large cone
angles, for ogives, and for spigots, AV is probably
less than a hemisphere; while for truncated cones
perpendicular to the axis of the torpedo with a large
flat area, for flat noses, for cone noses with large cone
angles, and for kopfring noses, AV is probably larger
than a hemisphere.

Since, for a given set of entry conditions a certain
amount of axial momentum is imparted to the tor-
pedo, for AV << V,, and m << M, MAV = con-
stant. As a result, AV « 1/M, or the axial change in
velocity is inversely proportional to the mass of ths
torpedo.
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It should be noted that the drag ring on the Mark
13 torpedo does not alter AV, even though it dimin-
ishies the peak prossurcs as JUtained Ly the pressiic
plugs and the peak local decelerations in the nose.
This is perhaps further evidence for indicating the
predominant effect of the V2 forces in producing AV
since the drag ring affects the peak values of the pres-
sure and decelecation, Lut probably not the steady V7
pressures.

6.2.6 Change in Angular Velocity of the
Torpedo in the Flow-
Forming Stage

The whip at entry, which is the change in angular
velocity in the vertical plane, is probably the most
important single quantity in determining the initial
underwater trajectoiy of a toipedo. The forces pro-
ducing the whip are determined primarily by the
shape of the nose of the torpedo.

iwo effects coutribute to the whip. Draring the
flow-forming stage, first the lower part of the nose is
heing wettied and then the upper part of the nose. As
a result, while the lower part is in contact with the

water and the upper part is still in air, large forees
will be acting on the lower part of the nose with no
sutirpermatig fordes On the upper part. Tni general
this will apply a torque about the center of gravity of
the torpedo and produce an angular velocity. The
second cause of a whip is that, if the torpedo enters
with a pitch angle a. or a yaw angle ., the drag
forece whiteh produse bhe eliinge i the axinl w doriky
will have » moment about the center of gravity of
the torpedo which is proportional to sin «, and sin ¥.
and consequently result in a whip Aw and a yawing
angular velocity Ay.

Since the pressure distributions around the nose
of the torpedo during this stage of the motion are not
known, the whip cannot be caleulated. The most im-
portant single unsolved theoretical problem con-
nected with the water entry of torpedoes is a deter-
tinativn of the whip at entry and its dependence
upon the entry conditions.

Although a completely theoretical approach has
not beon dorved, movire tendoneiod sl Biinple i
tions may be obtained. The whip is very closely con-
nected with the change in the transverse velocity in
the fow-forming stage. The whip multiplied by the

Ficure 14. Typical tail flare records showing refraction due to whip.
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distance from the instantaneous center of rotation tc
the nose of the torpedo is equal in magnitude to the
change in the transverse velocity of the nose.

The change in velocity at entry is proportional to
V.. Conscquently, the whip at entry is proportional
to V.. To review briefly the reasoning: for forces
proportional to 12, the time while the forces are un-
balanced (acting on the lower side of the head and
not the upper side) varies as 1/V. so that the impulse
will vary as V.. Similarly, the part of the whip which
is proportional to sin y. & Y. and sin a. = a., is also
proportional to the axial change in velocity AV and
hence is expected to be proportional to V.. Finally,
any part of the whip attributable to the clastic wave
will vary as V..

Detailed discussion of the whip must be based on
an assumed nose shape.

HEMISPHERE

Whip Change in Angular Velocity. At the CIT-
TLR, experimental results have been obtained for a
hemispherical nose. By means of flares cn the tail of
the torpedo records like Figure 14 are obtained, and
the change in angular veiocity is recorded.

Since the whip is proportional to V. and is expected
to be propor = nal to x. and ¥. as may be seen from
Figure 15, relations of the form

A(Jw)

e

= ai(6.) + ax(8.)a., (7

(Nose-up pitch and nose-up whip are positive.)

AU _ 009, ®

where I is the moment of inertia of the torpedo about
a transverse axis through the center of gravity, are
expected.

The coefficient a; is a funstion of §.. There will be
a whip simply becausc one side of the nose is ex-
periencing hydrodynamic pressures and the other
side is in contact with air.

By means of flare records on the tail of the torpedo,
the coefficients a; and a, were found at the Full-Scale
Launching Range with 6, = 20° for the Steel Dummy
torpedo. The external shape of the Steel Dummy is
the same as the Mark 13, but its moment of inertia
I = 800 slug-ft? and M = 47.2 slugs, as compared to
I = 960 slug-ft? and M = 67.2 slugs for the Mark 13
torpedo.

DRAG FORCE

LIFT DUE TO UNBALANCED
FORCES ON HEAD

FIGURE 15. Forces independent of torpedo axis orien-
tation; hence rotational moment of drag force is propor-
tional to a..

Thus, for the CIT Steel Dummy,

a,(20°) = 187 slug-ft degrees,
a:(20°) = 21.2 slug-ft.

In obtaining these quantities from the observations
a correlation coefficient of 0.8 was found, which is an
indication of the correctness of the expectations. In
addition, although there is no experimental evidence
to give as, since we are dealing with a hemispherical
nose, it is clear from symmetry that a; = as.

We now inquire into the values of a; and a: for the
Mark 13 torpedo. It is clear that the angular momen-
tum transferred to the Steel Dummy will be the
same as to the Mark 13 so that these coefficients will
be the same. However, if the angular momentum im-
parted to both types of torpedoes is the same, then
the quantities Aw/V.and AY/ V. will evidently differ,
being in the ratio of the respective moments of inertia
800/960. Thus we may say:

Steel Dummy at 8, = 20°

Aw/V. = 0.231 + 0.0265 a. degree per {t ,

and
MYV, = 002654, degree per ft.

Mark 13 torpedo at 8, = 20°
Aw/ V. = 0.195 4 0.0221 o, degree per ft,

and
AY/ Ve = 0.0221 . degree per ft.
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To be able to predict the whip at any value of 8.,
we have to know the dependenes of a, un 6, On this
point there is no experimental evidence on full-scale
torpedo launchings since the whip has only been ob-
tained for full-seale launchings with 6, = 2(0". Lo find
this dependence, detailed assumption on the type of

o 1
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FIGURE 16, Diteh angle versas distance frem entry
for 1-in. model of Steel Dummy; 6. = 12°

pressure distribution is unnecessary for one needs
primarily only the dependence of the pressure distri-
bution on 6.. If the pressure distribution is indepen-
dent of 6., as appears likely, for a hemispherical nose
and if the meehanism of the whip is understood cor-
rectly as being due to an':‘t‘p}balanced pressure acting
on the underside of the nose, the whip for zero pitch
should be proportional to the time duration of the
flow-forming stage, which was found to be propor-
tional to cot 6.. A theory which will give the complete
pressure distribution, and hence the whip, will also
yield the dependence of a; on .. We can only say un-
equivocally that a1 is a decreasing function of 6., and
there is some indication that it decreases like cot 8.

By means of an optical whip recorder the Morris
Dam Group working on 1-in.. models of the CIT Steel

-Dummy recently obtained the whip as a funetion of

distance along the trajectory during the flow-forming
stage fui 6, = 12°, 19, aud 3%, Th e e illustretiml
in Figures 16, 17, and 18. These whips are only about

Q.Zi'_p | | T

IMPACT
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2 4 6 8
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Fravre 17. Pitch angle versus distance from entry
for 1-i11. model of Steel Dumray; 6. = 19°.

70 per cent of the vaiues obtuined for the full-scule
dummy at the Torpedo Launching Range; neverthe-
less, the dependence of these whips on 6, is interesting
to note. Reading the whip, which is proportional to
the slope of these curves at a distance corresponding
to the end of the flow-forming stage, one finds that
the whip varies like cot 6.. Thisis ilustrated in Figure
19. There are a number of discrepancies bétween the
whip of the l-in. model and the whip of the full-scale
torpedo so that this is not conclusive evidence that
a, « cot 8.. However, it is a noteworthy experimental
indieation of the dependence of a; on ..

There is even less experimental evidence on the be-
havior of as and a; as functions of 8., but they prob-
ably both have finite values when 6, = 90° and in-
crease as 8, deereases to small angles.
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From relation (7) it is clear (with the sample values
of a; and a2) that for a hemispherical nose the nose-up
whip &+ entry increases for nose-up (flat) pitch and
decreases for nose-down pitch and also decreases with
increasing trajectory angle at entry, 6. In other
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PITCH ANGLE IN DEGREES

L6}

2 ° 2 4 6 8
DISTANCE FROM ENTRY IN FEET

10

Fiaure 18. Pitch angle versus distance from entry
for 1-in. model of Steel Dummy; 8. = 34

words, the torpedo tends to “stub its toe” as it enters
with increasing nose-down piteh. It is also clear that
a nose-right yaw angle will producc a nose-right
angular velocity.

Of course, the quantities Aw and A are not the
angular velocities, but only the change in the angular
velocities. In other words, they represent the angular
velocitics at the end of the flow-forming stage less the
angular velocities at entry, which arc usually rela-
tively small.

Change in Orientation of the Torpedo Axis during the
Flow-Forming Stage — Instantancous Center of Rota-
tion and Effect on Trajeetory. For a hemispherical
nose all forces act normal to the surface of the nose
and the resultant force passes through the center of
the nose. Furthermore,

r; = distance from the point of application of the

impulsive forces to the center of gravity;

re = distance from the center of gravity to the in-

stantaneous center of rotation;

63

k = radius of gyration of the torpedo ahout the
center of gravity;

then
rire = k2 .
For the
CIT Steel Dummy, 7= 4.91ft, k= 17{t?,
Mark 18 Torpedo, 71 =4.9ft, k*=14.3{t*.
Consequently,
CI'T Steel Dummy, re = 3.47ft,

Mark 13 Torpedo, 7z = 2.92ft.

Since the centcr of gravity is 5.8 it from the nose,
the instantaneous centers of rotation are
CIT Steel Dummy, 9.27 {t aft of the nose,
Mark 13 Torpedo,  8.72ft aft of the nose.

10 \
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Ficure 19. Whip at end of flow-forming stage versus
entry angle for 1-in. model of Steel Dummy.

At the Fuli-Scale Launching Range the whip at
entry is obtained from flares on the tail of the CIT
Steel Dummy. If the torpedo receives a whip at
entry, it is clear that the tail flare images will fall
below the air flight line. If the whip is Aw radians per
sec and if the rate at which the flare images fall be-
low the air trajectory is Aw, then it follows that the
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distance between the tail flare and the center of
gravity is given by
d - —4 éE .
Aw

For the CIT Steel Dummy, d = 4.3 ft. Consequently,
the distance from the instantancous center of rota-
tion to the nose of the Steel Dummy is (13 — 4.3) ft
= 8.7 ft, which is in fair agreement with the calcu-
lated position.

Since the instantancous center of rotation is aft of
the center of gravity, it is evident that during the
flow-forming stage the center of gravity will ex-
perience a transverse velocity of magnitude:

v =rdw.

Consequently, the trajectory (the path of the center
of gravity) will be refracted upward by an amount
given by

LY
tan (Af) = v

and, since A8 is very small, then tan (A6) = Afso that

2 A
A = TN

Ve I

7'2(91 f*‘_azapz

9)

For a. = 0, using the caleulated values of 7,

A8 (Steel Dummy) = —0.81degree,

A8 (Mark 13 Torpedo) = —0.57 degrec.
For a. = —2° (2° nose-down},

A6 (Stecl Dummy) = —0.63 degree,

A0 (Mark 13 torpedo) = —0.44 degree,
where Af is negative since 8 is being diminished.

Change in Pitch Angle during Flow-Forming Stage.

Since the trajectory is refracted upward by an
amount A8, the pitch angle relative to the trajectory
will be made more nose-down by the same amount.
Consequently, due to the refraction of the trajectory
the pitch angle during the flow-forming stage is made
more nose-down by an amount given by equation (9).
However, during the low-forming stage, the torpedo
is receiving a whip. The nature of the rate of increase
of this whip during the flow-forming stage is not
known. However, it is fairly safe to assume some sort
of linear increase in the whip. As a result the pitch
angle is made more nose-up by ar amount

v

3 gﬂi (lz&'e) V(‘At

Aa = % AwAt = o] (10)

And from Section 6.2.1

(al + a2ae) .
Aa~——""7r][l s —0.)].
“ 21 sin 6. IS Sy )]

(11)
Consequently, the sum of the changes in the pitch
angle for a hemispherical head during the flow-form-
ing stage from equations (9) and (1 1)is

(a1 + asa.) [
= 7‘2
I

e _ {1+ sin (7, — 0e)]‘| .
.

2sin 4.

The net result is that for the Mark 13 torpedo with
9. = 20°, 3, = 50°, the pitch angle is made more nose-
down in the flow-forming stage by an amount de-
pending on . and given by

Aafa, = 0% =
Aafa, = —2°) =

—0.18 degree (nose-down) ,
—0.14 degree,

which is a very small amount. However, it is seen to
be a function of the trajectory angle and can even
change sign for a small enough trajectory angle at
entry.

For the vawing motion the change in yaw angle is
given by

AY = asy. [n i+ sm‘ (ns — 0,)]] ’
I 2 sin 8.

and is zero for ¢. = 0, while for the Mark 13 tor-

pedo with ¢, = 2° 6, = 20° n. = 50°, Ay = 0.04 de-

gree.

OTHER SHAPED N OSES

For a hemispherical nose we have a great deal of
quantitative evidence concerning the whip; for other
shaped noses most evidence is qualitative.

It is not necessarily true that when a torpedo enters
the water it should receive a nose-up whip for the
direction of the whip will depend both on the entry
conditions and on the nose shape. Even a hemispher-
ical head can have a nose-down whip at entry if the
pitch angle at entry is large enough nose-down.

By considering the general qualitative way in
which the flow forms around a nose, some idea can be
obtained as to the nature of the whip. A flat nose, for
example, will be expected to whip nose-down as illus-
trated in Figure 20, while a sharp ogive will be ex-
pected to whip nose-up. Presumably the whip for
alinost any nose shape can be approximated by an
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Froure 20. Flow-forming stage of flat nose torpedo
showing nose-down moements.

expression of the form (7) but the functions ai(6.)
and a3(6.) can only be determined by experiment or
a further development of the theory.

In one casc for a 90° cone tangent to the Mark 13
(hemispherical) nose, with a radius of about 7.29 in.
at the end of the cone, values of the coefficients a; and
@, were obtained at the CIT-TLR for 6, = 20° with
this nose fitted on the C1T Stecl Dummy body. These
were

a, (20°) = 253 slug-ft degrees
a, = 35.5slug-ft .

Tt is clear that for this 90° cone angle on a hemi-
sphere, with the flow separating at roughly the same
position as on the Mark 13 nose, the whip at zero
pitch is greater than for a hemisphere, and, as ex-
pected, the whip changes more rapidly with pitch

angle with this cone nose than with a hemisphere. For
a nose with a spherical cap of large radius, one may
expect a small whip as may be seen in Figure 21.

"

Figure 21. Small moment arm and hence small wlap
of torpedo with spherical cap of large radius.

EvipiNcE ON THE NATURE OF FORCES
PropuciNGg THE WHIP

It has been mentioned that the whip at entry is ob-
tained at the Full-Scale Launching Range by means
of flare records on the tail of the torpedo. From these
records the entire change in angular velocity appears
to occur in about one or two msec, as illustrated in
Figure 22. (This figure is obtained from records like

¥
500 ] s “‘-‘k
VELOCITY-TIME CURVE \\
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a et
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TIME 1N MILLISECONDS

Fraure 22. Typical velocity and pitch angle versus
time data from flare records (CIT Steel Dummy).
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that illustrated in Figure 14.) On the basis of the
ideas developed, this time is much too short. For
V. = 500 ft per see, it has been indicated that the
angular velocity should continue to increase for
about 8.6 msec. However, there is also observed a
time delay of about 5 msec between impact and the
first motion of the flare, which indicates that at
entry the torpedo behaves like an elastic body. This
fact may account for the apparently too short dura-
tion of the whip. There is another indication of the
time duration of the whip from preliminary observa-
tions with shock-mounted accelerometers in the nose
obtained at the CIT Torpedo Launching Range.
From these it 1s found that when V. = 300 it per see
the transverse veloeity for the CIT Steel Dummy is
about 3 ft per sec in the first millisecond. For zero
piteh at about 300 {t per sec, Aw = 70 degrees per see.
Since the instantaneous center of rotation is about
9 ft from the accelerometer, the transverse velocity
st the accelerometer at the end of the flow-forming
stage is about 11 ft per see, which is much larger than
is obtained in 1 millisecond. In fact, the accelerometer
records indicate that in the time corresponding to
the duration of the low-forming stage, the transveise
velocity will be in agreement with the value pre-
dieted by the whip.

By means of an optical whip recorder and the one-
inch model of the CIT Steel Dummy, the Morris
Dam Group has obtained very fine time resolution of
the whip duwing U how i g stage. Ty pien!
curves of pitch angle versus distance from entry were
presented in Figures 16, 17, and 18. On these figures
the distance of travel from entry, corresponding to
the flow separating from the top of the nose, has been
indicated, Mleas vav, this i smae T8 U &0 ATimt
it differs in Figures 16, 17, and 18. In fact, it varies
like cot 6,. From these figures it is seen that the slope
of the eurve, which is a measure of the whip, con-
tinues to inerease, although not uniformly, up to the
end of the flow-forming stage. This is especially clear
in Figure 16 where 6, = 12° so that the torpedo has to
travel a fair distance for the flow to separate from the
top of the nose. Since these results have been on one-
inch models where discrepancies appear between the
whip obsetved and the full-scale results, thev are
cortainly not eonelusive. However, they do lend
strong support to the statement that the whip will
increase (due to the lift on the nose) during the entire
flow-forming stage.

This indicates that the forces producing the whip
are as described earlier, namely, hydrodynamic vy

forces acting on the lower part of the nose while the
upper part is still in air. Further evidence along these
lines arises from the fact that, although the drag ring
will markedly decrease the elastic wave pressure, it is
seen from flare records at the CIT-TLR that the
drag ring does not alter the whip at citry. Conse-
quently, it is believed that the V2 forces, which are
probably “maltered by the drag ring, produce the
whip at entry.

These observations alsc indicate the care that must
be taken in interpreting observations. The torpedo is
an elastic rather than a rigid body, and due account
must be taken of this fact.

Dil’l(}e n the Vicillit_y Ul.. uile y\,:uu u{ ;lupu\fb tho
shape of the cone nose tested at the CIT-TLR is
close to a hemisphere and since the whip is still
markedly different from that of a hemisphere, we
have further evidence that the V? type of forces pro-
duee the whip rather than elastie wave forces. Thus
the elastie wave forces exist in the neighborhood of
the impact point and should roughly be the same for
both noses. Consequently, if the elastic wave pres-
sures produced the whip, its magnitude and depen-
demice ot piteh would be approximately the sarwe for
the cone and the hemisphere, while, if the V? forces
produced the whip, it will differ markedly for the two
heads, as is seen to be the case.

DesigN FEATURES INFLUENCING WHIP

It whoudid b @i mbered that for all heads the
whip is proportional to V.. In addition, for all tor-
pedoes with a given nose the whip varies inversely as
the moient of irertia of the torpedo. Corsequently,
torpedoes with greater moments of inertia will possess
anuilir whips at entry, and torpedoes with smaller
moments of inertia will have larger whips at entry.

As has been seen, the nose forces producing the
whip at entry will vary considerably with the nose
shape. However, for a given nose shape some indi-
eation can be given of the variation of these torces
with the dimensions of the nose. For example, in
general the whip will differ for a hemispherieal nose
of large radius and of small radius. The indieation
from previous discussions is that usually the nose
forces produeing the whip at entry for a given nose
shape will inerease in magnitude with larger nose
dimensions. The reason for this is that the lorces
producing the whip, and hence the whip, appear pro-
portional to the area of the nose. In addition, the
whip appears to be caused by unbalanced forces
acting on the nose of the torpedo. The time these
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hydrodynamic forces remain unbalanced is the time
for separation of the flow from the nose, which is the
time duration of the flow-forming stage. This has
been calculated in Seetion 6.2.1 and from that section
it is seen that the time increases with the dimensions
of the head. Consequently, we can say that for a
given nose shape the impulse and forces producing
the whip at entry will increase with increasing head
dimensions, roughly as the third power of the linear
dimensions of the head. In all cases the time of the
flow-forming stage, and hence the time of the whip,
decreases with increasing trajectory angle at entry.

The nose shape and size determines Ui Toites pro-
ducing the whip at entry; however, the characteris-
ties of the torpedo also determine tlie magnitude of
the whip at entry.

As was pointed out, for a given set of entry condi-
tions increasing the moment of inertia I will decrease
the whip at entry. Thus, everything eise remaining
the same, the whip at entry is inversely proportional
to the moment of inertia.

In addition, it is clear that the moment arm about
the center of gravity of tlie nose-lift and nose-lIrag
forees will e proportional to the distance from the
center of gravity to the nose of the torpedo l;. Hence,
for 2 torpedo with given head shape and size and fixed
I, the quantities ai, as, as, and hence the whip, will
be proportional to [;.

We may say that, for a torpedo with a given den-
sity and flzed shapr (pritcarily a fived lngth dinzo-
eter) since the moment of inertia is proportional to
the fifth power of the length, and since the density
remains fairly comstant, the whip will vary hwrorsels
as the first power of the linear dimensions.

6.2.6 Ricochet

In the discussion of the flow-forming stage of the
motion it has been tacitly assumed that the head of
the torpedo will pe submerged sulliciently for the
flow to separate and the torpedo head wiil continue
to submerge. Actually, this is not necessarily true.
Thus, when part of the nose becomes submerged, it is
possible for the hydrodynamic lift forces to be suffi-
clently large so that the vorpedo “bouwuces™ off Ll
water or ricochets. Ricochet means a motion such
that the torpedo is never completely covered by
water. Of course, it is expeeted that a ricochet will
occur only for very shallow trajectory angles at
entry. .

Observations of the ricochet of spheres indicate

exceeded if ricochet is to occur, is given roughly by
18°/~/ p., where p, = density of the sphere. As a mat-
ter of fact, this is the underlying principle of a Ger-
man weapon “Kurt”’ (a sphere which enters with 6,
very small and at high speed so that it “bounces”
along the water surface). The sphere would land on
the water with ¢, = 6% and continue tu ricothet until
it lost sufficient speed.

‘oncerning the ricochet of a hemispherical-nose
torpedo, the British could not make their 18-inch
torpedo ricochet for 8, down to 10° and V. = 250
knots. Hrordor for the Murk 19 vorpedu o rieoehul
it is seen from the rough relation 18°/~/p, that very
approximately 6. must be less than 4.4 degrees. Thus,
for very shallow entry angles, it is possible that a tor-
pedo with a hemispherical head will not enter the
water but will ricochet.

For torpedoes with ogival heads there will probably
be a greater tendency to ricochet; also, a nose-up
pitch at entry will produce a greater lift force and
hence increase the tendency to ricochet. A hemi-
sphere would not be influenced by the nose-up pitch
as would an ogival head. In general, for ricochet very
<hallow entry angles and high entry velocities are
required and also n <o shapes that have large nose-up
whips at entry. Noses that whip down at entry prob-
ably will not ricochet at any entry angle.

6.2.7 Essential Data and Further Research on
This Stage of the Motion

Woenume ol i1a peoat inflienes on the fnture motion
of the torpedo, the most important quantity which
should he studied during this stage of the motion is
the whip at entry.

C'ompared to the whip all other characteristics of
this stage appear to be relatively unimportant. As
we have seen, the whip depends both on the nose
shape and on the terpedo body. Sinee the depunderes
on the body parameters are known, it is necessary to
obtain the dependence of the whip on the nose shape.
Hence, it appears profitable to tabulate the whip for
various noses in the form of a nose-lift coefficient and
detormin: the dopendente of this esefficient on the
entry conditions.

At present it appears that perhaps the most fruit-
ful approach to a determination of the nose-lift co-
efficient is by direct experiment with various nose
shapes. In this connection the success of some method
of modeling the entry whip appears very important
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as smaller models rather than full-scale tests might be
used. The most important unsolved theoretical prob-
lem in water entry is a theoretically sound determin-
ation of this lift coefficient, At the present stage of
the development of the theory, the great analytical
difficulties that arise in a determination of the nose-
lift coefficient make it appear that a semi-theoretical
experimental approach will be more profitable.

Thus future research in water entry should attempt
to obtain nose-lift coefficients for various shaped

noses and the dependence of the nose lift on the entry

eonditions.

63 MOTION IN THE CAVITY WITH
THE NOSE IN CONTACT
WITH WATER

The time duration of the stage of the motion which
begins when the flow separates from the top of the
nose and ends when the tail strikes the side of the
cavity will depend on the shape and size of the cavity,
on the orientation of the torpedo at the end of the
flow-forming stage, on the head shape of the torpedo,
and on various other physical characteristics.

In this part we shall discuss first what happens to
the water during this stage of entry and then con-
sider the forces acting on the nose of the torpedo. The
determination of tlie behavior of the water and of the
forees on the nose requires some knowledge of the
pressure distribution about the nose. Finally, the
trajectory and behavior of the torpedo in this stage
will be discussed, witl some mention of the damage
sustained.

€3 Flow .i.;-imnnhm and Pressaie
Distribution about the
Nose of the Torpedo

REMARKS ON FLOW SEPARATION

As has been mentioned, the flow separates from all
sides of the nose of the torpedo, and in this stage of
the motion tile torpedo tavels i« vavivy. The water
will remain in contact with the nose from the tip
around to where the total pressure of the water on
the nose falls to zero because of the velocity. Ub-
viously, if the pressure falls below zero there will be
no force to keep the water in contact with the nose.

In order to formulate this condition more quanti-
tatively, we must consider the pressure acting on the
i 4 For the guasi-stationary flow conditions which

exist in this stage, the integral of Bernoulli’s equa-
tion for an incompressible nonviscous fluid is

P = pgh + Po+ pV? — § pt*, (12)

where P is the pressure at any point on the nose, v is
the velocity of the fluid relative to the torpedo at
this point, and pgh is the gravitational static head.
P, is the external pressure on the fluid; it is atmos-
pheric pressure for all full-scale launchings, while for
some model experiments in pressure tanks it may be
controlled and differ from atmospherie pressure. V is
the velocity of the torpedo relative to fluid at rest.

The flow will separate from the nose if P = P,
where P, is the pressure in the eavity. In this stage of
the motion, P. is probably very elese to the external
pressure P, since the cavity is open to the outside.
However, it may be somewhat less than the external
pressure in the neighborhood of the torpedo nose
since the air may be circulating in the eavity.

When P = P,, equation (12) may be written in
tlie form

z,': _pgh + Py— P. . (13)
36 3 eV?
The quantity
_pgh 4 Py — P,
For

K

is defined as the ecavitation paramecter (also ealled
cavitation number and eavitation index).

In the expression for K, the numerator consists of
pressures which tend to prevent a cavity and to keep
the flow in contact with the nose, while the denomi-
nator may be regarded as the pressure which tends to
VP Can ;1) 5

Except for a possible circulation of air which may

be due to air rushing in after the torpedo at entry,
P. = Py, and, when the torpedo is still at the surface,
h = 0sothat K = 0. As the depth increases, assum-
ing I, = Po, K increascs. In general, even when the
‘avity is open to the atmosphere K > 0, but not very
3. drvels &TPU"'I"J'W R TR Lya ipaarilimil ||‘l:' Ll '"‘.l:'ltl Lo~
priate numerical values. For example, in Figure 23 for
the Mark 13 tornedo with 4, = 20° and V, = 500 ft
per sec, K is plotted agaiust distatice aloliy thc tra
jectory for the cases of P, = Pyand P. = 0.

PRESSURE DISTRIBUTION ABOUT THE Nosg

The flow will separate when P = P, or when the
excess of the hydrodynamic pressure over the exter-

CONFIDENTIAL




MOTION IN CAVITY WITH NOSE IN CONTACT WITH WATER 69

nal pressure around the nose of the torpedo is zero.
Tn order to determine at what point on the nose this
will oceur, it is generally necessary to know the pres-
sure distribution around it. A knowledge of the pres-
sure distribution about the nose of the torpedo is

09 y
/
7
/
08 /
v
A
/
//
07 ===V, =350 FPS
——V, =600 FPS /
GASE AP *0 .
06 . GASE B =P, ’l
& —
& %
208 7 il
E ’
s
| » |
Fa
S.0a * = =
= 3
s v g /
S & o
L3 Hf B,
A
]
——
50 60

Ficure 23. Mark 13 torpedo cavitation paremeter
versus distance from entry (before tail slap).

generally necessary, not only to determine where the
flow will break away from the nose, but also to know
the forces and moments acting on the torpedo during
this stage of the motion.

The problem is quite complicated for, by clagsi~1
hydrodynamic theory, even the steady-state equa-
tions of motion predicting a cavity lead to nonlinear,
integro-differential equations that are exceedingly
difficult to handle. Most attempts at obtaining the
pressure distribution about the nose of the turpedo,
the shape of the cavity, the drag force, cte., deal with
a closed cavity, which is usually the flow about a
larger body than the one under consideration, and
knowingly neglect the fact that the cavity is closed
at the rear. They then regard the pressures and the
flow as of importance only up to the point where the

flow breaks away. In addition, these attempts con- -

sider only steady state phenomena. Some of these
attempts will be briefly discussed :

Potential Flow Method. One general attempt origi-
nated by Shaw® has been based on the assumption
that the pressure distribution about the nose of the
torpedo in a cavity is the same as the pressure dis-
tribution with potential hydrodynamic flow about
the entire torpedo when moving in a steady state
through the water without a cavity. The flow and
pressure distribution around the necse of the torpedo
are assumed to be unaltered by the cavity as long as
the pressure is positive. Then the point where the flow
breaks away is easily calculated for we know P in
equation (12) and the point on the nose where
P = P.. By integrating the pressure over the nose of
tlie torpedo up to the point where the flow breaks
away, we obtain the drag and lift forces and mo-
ments.

Originally this was an ad hoc assumption. How-
ever, now there appears some experimental justifica-
tion of it. The pressure distribution over various
shaped noses fitted on a cylinder has been obtained
in a water tunnel for various values of the cavitation
parameter K, although it was practically impossible
to lower K below the value of 0.20. However, since
a series of pressure distributions are given for values
K > 0.20, it appears possible to determine the de-
pendence of the pressure distribution on K. Figure 24
is an example of such a pressure distribution. It is
clear from the results of this work that, except for the
finer conical noses, the pressure distribution in the re-
gion where P > 0 is practically unaltcred by changing
the value of K. In addition, from all the results it is
clear that, assuming a linear extrapolation to K = 0,
the point of zero pressure on the torpedo head can be
located and the flow will break away at that point.
These two observations both seem to justify the
method of using the potential flow (K — «) about
the nose of the torpedo without a cavity to obtain the
pressure distribution with a cavity (K —0).

Of course, a cavity may exist for values of K con-
siderably greater than zero. At the surface K — 0,
but as the torpedo goes deeper K increases, and the
pressure changes correspondingly.

As an example of an analytical use of this method
we shall apply it to a sphere. We find from hydro-
dynamic theory that the pressure distribution about
a sphere in steady flow is

P = pgh + Po+ $pV? — § pV?sin’n, (14)
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Frovre 24. Effect of eavitation upon the pressure distribution around a eylindries! hody with hemispherieal head.

where 7 is the angle between the outward normal to
the surfaee at the point under eonsideration and the
direetion of motion. The flow will separate when
P = P, or at the angle where

> -
sin?y = q<1 % L‘%%) =4(1+K), (15

1)=J/ P-dA

wetted area
£
= %pV'Zﬁ 2m?sinneosn (1 + K — £sin®g) dn.

The drag coeffieient is defined by

or at the angle
2D
, Cp="— AV?
e = sin™ (3) (1 + K)*. P,
' so that
Provided the flow does not reform on some part of
the torpedo aft of the nose, the drag is given by Cp=[(1+ K)sin?n, — $sin*n] .
Ve
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Ficure 25. Effect of cavitation upon the pressure distribution around a cylindrical body with 45° conical head.

Therefore, from (15)
Cp=2(1+K)*. (16)

This Potential Flow Method permits the calcula-
tion of pressure distributiou, point of flow separa-
tion, drag, lift, and moment en any head if the pres-
sure distribution from potential hydrodynamic flow
is known. The latter may be obtained by calculation
for simple shapes, as has been illustrated for a sphere.
However, the essence of usefulness and simplicity of
the method is that the pressure distribution may

always be obtained by wind or water tiinnel measure-
ments of the pressure distribution about a noncavi-
tating projectile.

In gencral, this method is applicable to all shaped
noses at arbitrary pitch or yaw angles as long as the
fiow does not reforin at some point further aft.
Clearly, if a torpedo head is at pitch or yaw angle,
there will be a drag and lift force acting on the head
and a moment about the tip of the head. If one ob-
tains the pressure distribution from a wind or water
tunnel, a numerical integration will give the desired
coeffieients. In some cases, such as fine cone heads,
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the distribution of positive pressure appears to
change with K &s shown in Figure 25. In such cases
either the distribution must be extrapolated toward
K = 0 before integration or the hydrodynamic coeffi-
cients extrapolated toward K = 0. The latter appears
the easier niethod.

Approximate Method for a Sphere. There is perhaps
only one result, obtained by G. 1. Taylor, in which a
cavity is predicted by potential hydrodynamic thcory
(for a nondecelcrating body). In this result the flow
about a paraboloid, which would have an infinite
drag, is combined with a flow about the body with zero
drag to produce the flow about a body which ap-
proxiuates & sphiere with thadte deng ard o enwity
The method is essentially that of combining a series
of infinite line sources with a steady stream. By this
method the approximate cavity flow about a sphere
is obtained, but has not been obtained fer other
shaped noses.

Source in Infinite Stream. The cavity flow about a
sphere has been approximated (in reference 9) by a
point source in an infinite stream. Here again, the
drag is obtained by integrating thc pressures up to
the point where the pressure falls to zero. By this
method the pressure is given by

2b*? cosn — b*

P = Po+ pgh + JpV? =202, (17)
r

where b = 2 X radius of a sphere, ris the distance from
the point source to the point at which the pressure is
being measured, and 7 is the azimuthal angle meas-
ured from the direction of motion with the origin at
the point source. By a very similar method to that
employed for potential flow one may easily calculate
the point of separation and the drag coefficient.

Semiempirical Method. Recently a semicmpirical
attempt at calculating the pressure distribution was
made. In this method a form of the pressure distribu-
tion is assumed with constants which are adjusted to
produce agreement with experiment. In this attempt
it is assumed that for K = 0:

;r:
3pV?

= Bsin f; |71‘-— bsin® (B — ,d}.', (1%)
L ‘y:, .

i -
P
where B = a constant indepehdent of head shape,

8 angle between direction of motion of the
torpedo and the tangent to the torpedo
nose at the point under consideration,

4 = mroiangle at the nose of the torjedo

(81 = 90° for a sphere),

b = constant for a particular head shape, de-
pending on the angle at which the flow
separates from the head.

Probably numerous other expressions could be
written which, with the substitution of suitable de-
termined constants, would give adequate approxima-
tions to the pressure distribution. In each case, how-
ever, such expressions must be verified by comparison
with some other method so that it is ultimately useful
only if it is especially convenient for integration.

A Varatonal Meithod. Une iesull has been ob-
tained for the flow about a sphere in a closed cavity.
Ay renon A widoubder and s series of sources. a flow
is set up, and then, by means of a variational method,
the cavity is shaped so that the boundary condition
(namely, that the pressure on the free streamline is
the same as at the point of separation) is satisfied.
By this method the separation point is chosen ini-
tially, and a corresponding value of K results. Thus
far, not many results have been obtained as the
method is quite lengthy. In addition, it has been ap-
plied only to the case of a sphere.

Noses wnith Disconlinuities. Some separate con-
sideration must be given to noses with discontinui-
ties. By a discontinuity is meant a sudden change in
slope (such as a cone on a cylinder) at some point of
pressure on the head so that, if the water is to re-
main in contact with the torpedo, it must flow around
a corner. The determination of the point of flow
separation for these heads does not require a knowl-
edge of the pressure distribution.

From hydrodynamic theory it may be proved that
at sueh a discontinuity the velocity of thc water
relative to the nose of the torpedo becomes infinite
(limited only by viscosity), and hence the pressure
becomes negatively infinite; that is, infinite suction
of the water is required to cause it to flow around a
discontinuity without leaving the surface about
which it is flowing.

Of all these suggested methods of estimating the
pressure distribution, the only one that appears
really useful is the potential flow method. This is
really a method for interpreting pressure-distribu-

1 eastremen an be made under noneavi-

tion measurcments that can be made under n
tating conditions in terms of the pressures that exist
in a cavity. In the last analysis its justification is

empirical, and it is not really a theoretical method.

PoinT OF FLOW SEPARATION

As has been indicated above, the point of flow
separation is just one aspect of the pressure distribu-
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tion and can be seen when the pressure distribution
is known. For a hemisphere the potential flow method
gives separation at n = 427, and water tuniel 1heas-
urements give 45°. The other methods that seem to
have less satisfactory foundations suggest values be-
tween 55° and 75°. The exact point of zero pressure
may be varied considerably without affecting the
integrated forces and moments appreciably.

The point of separation for ogives and spherogives
can ke determined by water or wind tunnel measure-

1

Fraure 26. Flow separation on 1-in. model of the
Steel Dumnmy with a conical nose smoothly joined to the
torpedo.  Notice that the nose appears to be the only
pert of the miode? 3n eontact with the water.

ments. If the spherical nose of a spherogive has an
angle greater than 45°, the suparation will pridbly
oceur on it and be entirely independent of the ogive
that follows.

In the case of cone heads the flow will break away
at the shoulder of the cone. This is illustrated in
Figure 26. Similarly for flat heads, kopfrings, and
truncated cones the flow will break away at the dis-
continuity.

Kinemaric THEORY OF CAVITY SHAPE

As long as only the nose of the torpedo is in contact
with the water, the behavior of the rest of the cavity
is of little importance. However, the torpedo soon
falls over so as to be in contact with the cavity wall,
and it is important to know something about the
cavity size and shape to tell how far the torpedo will

fall. In undertaking a theory based on the laws of
hydrodynamics, very great difficulties are encoun-
tered and no signifieant progress hus been wade. The
best that can be done is an empirical description
based on an observation by Blackwell® that the diam-
eter of the cavity at any point can be described as a
parabolic function of the time.

The observations upon which the description is
based were made on the cavities due to spheres
dropped vertically into water. It was observed that
the water started to move radially with a velodity
proportional to the velocity with which the sphere
passed the point in question. Hence there may be
defined a cocflicient A such that

__ Initial radial velocity of the cavity
Veloeity with which the torpedo nose passed
this point

The second chservation was that the radial velocity
of the cavity wall decreased with a deceleration pro-
portional to the depth.

To apply this kind of description to a torpedo entry
cavity it is necessary to neglect many things, some of
which may be important. Gravity is neglected, and
the torpedo is considered to follow a straight path at
an angle 6, with the horizental. Furthermore, the
effect of the water surface is neglected, and the cavity
is regarded as a surface of revolution about the axis.
Any effect due to air pressure inside the cavity is also

ignored.
The axis of = is taken along the axis of the cavity
with the origin at the sorface of the water. The radius

of the cavity y is then regarded as a function of x
and of the time. If ¢(z) is the time measured from the
thime wl wAel the sepmration radius of the head, 7.,
passes the point z, the above assumptions give

wx sin 6,

y(a, ) = ry + AV(@)t(x) — ey . (19)

g

With the », in the denominator, the constant quan-
tity u can be expected to be independent of the scale
of the eavity if the Froude law holds.

Since the torpedo moves with a deceleration pro-
portional to the square of the velocity,

Viz) = Ve,

t(x)

1 kr
A
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with k = CppA/2M. Here t is measured from the time
of impact, but the expressions are valid only for such

K and z that ((x) > 0.

" As a result, the radius of the cavity at the time ¢
after impact and at a distance z along the path is

1
N = —kx phkx
y(x, ) =71+ AVee I:t . (e l):|

u sin 8, [ 1 . —Ig
= - (=1 . (20
2r, k Ve (() ) J ( )

The two constants A and x must be experimentally
determined. X appears to be about 0.15 for a hemi-
spherical nose. This means that the initial cone angle
is considerably less than would be indicated by the
angle of ilow separation ou the sphicie. This Is asso=
ciated with the fact that the empirieal deseription of
the eavity covers only its major features and not all
details. For blunter or sharper noses it is expeeted
that A will be eorrespondingly greater or less than
0.15.

There is some indieation that u is about 8 ft per
see per see although this is only very erudely known.

Later on we shall want to know the eavity width
at a given value of x at a time sueh that the tail of
the torpedo reaches the point x. Let us say we want
gy at a tinue £ when a point b feet aft of the nose
reaches the point x under consideration. From equa-
tion (20) it is clear that we are interested in y(z, ¢) for
t = (1/kV.) (e¥=tD — 1),

Hence
ok (kb — 112

A 51
) =1 = (e — 1) — £ 21
y(x) ;e ) — T e - (21)

It is clear from this expression that the cavity
width at a point on the torpedo b feet aft of the nose
(near the tail of the torpedo) will deerease with (1)
increasing distance along the trajectory, (2) deereas-
ing entry veloeity, (3) increasing trajeetory angle at
entry.

6.3.2 Forces and Moments Acting on the
Terpedo Nose

In the previous section, various methods of esti-
mating the pressure distribution about the nose of
the torpedo were mentioned. Since, during this stage
of the motion, only the nose is in contact with the
water, a knowledge of this pressure distribution will

determine the torpedo motion. The resultaut force
can be resolved into a drag force that acts along the
trajectory and a lift force that acts perpendicular to
it. The effective point of application can be specified
by giving the moment of the force about the tip of
thie uose. “These Turues and this Trotrend eatr Ve de
seribed in terms of eoeffieients Cp, Cr, and Cy since
it is assumed that all forees are proportional to the
velocity squared.

HumispHERICLL NUSE

Most of the studies of forces have been carried out
on spheres or hemispherical noses because of the sim-
plicity introduced by the symmetry. Since the forces
are pressure forces they act perpendicular to the
surface and hence through the center of the sphere.
Ax 3 comsequetise ordy the divsg Tote widite e0-
effieient C'p are of importanee.

Experimental Determinations. Numerous experi-
mental determinations of C'p have been made for
spheres dropped vertieally into water. In sueh cases
the observed deeeleration will depend on the density
of the sphere sinee mueh of the momentum that is
destroyed will reside in the water itself. One way in
which tc formulate the results is to assume an effee-
tive mass of water that partakes of the motion of the
sphere. The equation of motion is then written

(M + 3 % — P Ave, (22)
Z

If now the forces on the sphere alcne are con-
sidered, one has

M _opPare, (23)
dt 2
where
M
C = e CO . 24:
S VNN T g (24)

Sinee M is proportional to the density of the sphere
and M’ to the deusity of the water, this relationshi
may be written

{95\
\=y/

where ¢ is the density of the sphere and ¢ is a pro-
portionality constant.

The assumptions involved in equation (25) are
largely gratuitous and can be justified only in case
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the observations lead to a value of C°p that is inde-
pendent of density. The evidence on this point is not
entirely conclusive. Values between C°p = 0.26 and
0.37 appear to have been obtained.

For a torpedo with a hemispherical nose the pro-
vortionality constant ¢ will be very small, and the
observed value of Cp should be close to C°p. The
extensive set of measurements at the CIT-TLR give
Cp = 0.28 when the area used in the expression is the
projccted area of the sphere and is not the maximum
cross section of the torpede.

Theoretical Estimations. The value of the drag co-
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CAVITATION PARAMETER K

F16URE 27. Drag coefficient versus cavitation param-
cter for spherical nose.

efficient based on the Potential Flow Method has
been shown to be 2 (1 + K)2 This cocflicient has also
been obtained by integrating the observed pressure
distribution. The results obtained by these two
methods are similar but differ by a constant factor,

K (14 K)? Integrated pressure
0.0 0.22 0.24
0.1 0.27 0.29
a2 0.32 0.35
0.3 0.38 0.41

Figure 27 illustrates some values of the drag co-

efficient as a function of cavitation parameter. One
curve represents the results of numerieally integrat-
ing the pressure distributions in Figure 24 for the

accessible values of K and then extrapolating to
K = 0. Another represents similar integrations car-
ried out in the report by Shaw.? The third represents
the theoretical coefficient based on potential flow,
aud the fourth represents some observed values.

The drop-off in the observed values as K increases
is due to the reforming of the flow on the afterpart of
the body. Taking this into account, the agreement
with the theory is reasonably good. The difficulty in
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OGIVE RAOIUS IN CALIBERS

FiGURE 28. Nose-drag coefficients versus ogive radius
in calibers obtained by numerically integrated potential
flow pressure distributions in region where P/lgpV? 4
K >0.

associating these values with those observed for tor-
pedoes is partly due to a lack of knowledge of the
proper value of K to use for the torpedo launchings.

OTHER SHAPED NOSES

Figure 28 gives some values of the drag coefficient
C'p based on observed pressure distribution over ogive
heads. There are no suitabie experimental observa-
tions with which to compare these results. Similarly,
by integration of the pressure distributions the other
coefficients can be oblained:

Tt is frequently desirable to treat the forces parallel
and perpendicular to the torpedo axis rather than
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parallel and perpendieular to the trajeetory. These
will be designated as Cp’ and CL’. Some values of
these coefficients are given in the following table for
a 1.4 caliber ogive.

1.4 Caliber Ogive

K 0 0.05 0.10 0.20
a = (0°
Cp’ 0.120 0.145 0.169 0.226
a = 6°
Cp' 0.120 0.141 0.164 0.218
cy 0.046 0.0583 0.061 0.079
—Cy’ 0.038 0.046 0.056 0.080
a = 15° ’
Cp’ 0.117 0.135 0.156 0.203
L 0.113 0.131 0.150 0.195
—Cy' 0.102 0.124 0.146 0.210

Thus it appears that for K = 0

CD' = 0119 s
C./a =0.0076,

—Cy'/a = 0.0065 (destabilizing) .

Other values may easily be obtained from the table.

For a flat nose, experiments on 1-in. models seem
to indicate Cp = 0.77. Various other values have
been obtained by experiment, all of them being
within about 20 per cent of this value and scattering
about it.

By integration of observed pressures Cp = 0.72,
which is in very close agreement with experimental
results. (' has not been calculated.

It appears that the force coefficients can be esti-
mated with fair accuracy from the measurement of
pressure distributions in the cavitating state in water
tunnels or with slightly less certainty from similar
measurements in the noncavitating statc or in wind
tunnels. It is then possible to predict the motion of a

.body from measurements that can be made on such

models.

6.3.3 Motion of the Torpedo during
This Stage

The object of the study of the forces on the nose of
the torpedo when in the eavity and of the changes in
size and shape of the cavity itself is te describe the
motion of the torpedo during this stage.

After the flow-forming stage the axis of the torpedo
possesses a whip (angular velocity in the vertical
plane) given by

A—(I/{—a)- = al(oe) + a2(00)a07 (26)

e

where «. is the pitch angle at entry. a: and a: are
experimentally determined funetions that depend on
the nose shape and area. a; and a; probably have
similar dependence on the trajectory angle at entry 6.
in some manner which is not completely known.
There are indications that they may vary as cot 6.. In
the horizontal plane the angular velocity of the axis
of the torpedo is

2 — oy, (@7)
where ¢ is the yaw angle at entry. Probably as = a..
It was pointed out that at the end of the flow-forming
stage « differs from a. and ¢ differs from ., but the
difference is usually not large. It is less than about
0.2° for the Mark 13 torpedo.

From thesc relations it is clear that, as long as the
center of pressure of the nose forces lies forward ot
the center of gravity of the torpedo, the more nose-
down the pitch angle is at entry, the smaller the
whip; “hat is, the torpedo tends to ‘“stub its toe.”
With a nose-down pitch at entry the drag force on
the nose usually produces a moment about the center
of gravity of the torpedo which tends to make the
torpedo rotate tail-up or nose-down, while with a
nose-up pitch the moment of the drag forces is in
the opposite direction, thus tending to make the tor-
pedo rotate tail-down and nose-up. Tt is therefore
clear that for a nose-up pitch, due to the large nose-
up whip and the drag moment, the torpedo rotates
tail-down and the tail soon strikes the bottom wall of
the cavity; while for a large enough nose-down piteh,
the nose-up whip is small and the drag forces will
produce a moment which will cause the torpedo tail
to strike the top of the cavity wall. For some inter-
mediate value of a this reversal occurs. One of the
results of the subsequent calculations is the magni-
tude of the pitch angle a. separating thesc two types
of motion.

In the horizontal plane it is clear that, for a fine
nose, a nose-right yaw will produce a nose-right
angular velocity and a drag moment pushing the
tail left or nose right, thus insuring that the torpedo
tends to rotate to the left wall of the cavity.

The behaviors in the vertical plane and in the hori-
zontal plane are generally quite different for noses in
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[

which the center of curvature of the nose is aft of the
center of gravity. In this case the quantities a,, as
and a; are negative with a resulting angular velocity
in the opposite direction to the usual case, that is, we
get a stalilizing moment for this type of a nose as
opposed to a destabilizing moment for the finer noses.

From Figure 29 we see the forees acting on the tor-
pedo and may readily write down the equations of
motion. Gravity is neglected since this force is quite

TORPEDO AXIS

ey + 8. Al
e vyl

WATER _SURFAGE

(G y+Cpe-Curg)

FicUvre 29. Forces and moments acting on torpedo
(nose) before tail slap. To obtain forees and moments
multiply coefficients by (0/2)A V2

negligible compared to the other forces involved. In
addition, in so far as the moment of the lift force
about the nose is large compared to the moment of
the drag force at the nose, the ratio —Cy'/2C L gives
the fraction of a diameter of the nose by which the
lift force lies aft of the tip of the nose. Hence we
know [,, the distance from the point of application
of the lift force to the center of gravity. In the follow-
ing analysis we shall consider the drag moment about
the axis described by the moment coefficient C/.
The equations of motion for sin @ = «, cosa = 1 are,
along the trajectory,

dv _

M —
dt

- -2”-(0,,' +CLla)AV?; (28)
perpendicular to the trajectory in the vertical plane,

uv® -
at

— 2 —Coa)AVE;  (29)
p]
rotation about CG in the vertical ptane,

I(a —§) = %CL’llAW - CM’gr,,AW

+ gCD’e cospAV?;  (30)

where [, is the distance from the center of pressure
of the lift forces to the center of gravity. !
Similar equations hold in the horizontal plane:
¢, and Cy/ are linear functions of = for small
angles, and it is to be remembered that the effective
pitch angle is

Then

Cl = Co [a _ i—;(d - 9)].

it was found in earlier sections that for almost all
noses Cp’ is constant, practically independent of o
and y. Hence €'/« in equation (28) is of second order

in « and is certainly negligible compared with Cp'.
The equations of motion then become

-l A @31
at 2M

g N
y48_ _p4 fcfl[a — e — 6)] — Cp'a}VZ,

dt 2M

(32)

G—f= %{(zlc'l ) [a _ i—j(a — 9)]

-+ Cp'e cos qs} vz, (33)

Since d/dt =V (d/ds) where s is the distance along
the trajectory, these equations car be combined to

give
&' +2Go’ — Ba=Q, 34)
where the primes indicate differentiation with respect
to sand
A Mi? M
2G = P—[C' (1 _i> — Ot =l — 2C ]
a7 L + 7 Th D

B= %(Zlcfl = TsCm,><1 + %Cu'll>

+B‘i2

/
c'c'—c'),
oar) CP\0 — o2

and
A A
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For many purposes the roll angle ¢ may be treated
as a constant in the study of pitching and yawing and
the solution of (34) with @ a constant can be easily
written down. If &, and «-are the values of «and o’
respectively when s = 0,

a = % [(F + &) (040 — %) + 040':| gF-®s
4+ __1__ I-[F e ( = _Q) = a(”:l g~ (F+®s L Q, (35)
2F L B B

where F = (% + B)" > G. The initial pitch angle,
o, is the pitch angle with which the torpedo strikes
the water plus a small correction for the refraction of
the trajectory at impact. The initial rate of change,
o, is connected with the pitching angular vetocity
by ay’ = &o/Ve. do is essentially the angular velocity
of the whip.

Since F > @, and in fact for the Mark 13 torpedo
F>>@, the first exponential in equation (35) is in-
creasing and the second is decreasing. Hence after a
sufficient distance the sign of e is governed by the
sign of [ (F + G) (a0 — Q/B) 4 a']. If this quantity
is positive the torpedo will swing to the bottom of the
cavity. If it is negative the swing will be to the top of
the cavity.

In the limiting case, in which [ (F + G) (a0 — /B)
+ a)’] = 0, the final value of a is Q/B. The pitch
angle for which this occurs is called the critical pitch
angle and satisfies the relationship

a’ Q .
= e =, 3¢
@ e + E (36)
Since
’ (ll(ﬂ) + (12(0)01,»
oy = ————
I
this reduces to
—mw>+<%>uF+G>
o = 37

ax(0) + I(F + G)

This critical pitch is of great importance because it
represents the dividing 1im: hetween those launchings
in which the torpedo swings to the bottom of the
cavity and makes only a shallow dive and those in
whish the tospedo siwings to the tol and mav dive
very deep.

A similar analysis can be made of the yawing mo-

tion, but because of the symmetry of the situation
the critical yaw angle is zero.

MoTION IN THE VERTICAL PLANE

At this point we may understand the reason for the
great emphasis placed on the valuc of the whip at
entry in the last part. From equation (36) it is clear
that the greater the whip at entry the more nose-
down the critical pitch, and hence the greater the
nose-up whip at entry the smaller the chance that
the turpedu will Tise to the top of the eavity and, e
we shall see later, dive deeply. Thus it is the whip at
entry, which is obtained from 6, and a., that deter-
mines how large a nose-down pitch angie can be per-
mitted for finer heads before the torpedo goes to the
top of the cavity. It should be carefully noted that
both in the vertical plane and in the horizontal plane
a, as well as a and a’ in equation (36) are all inde-
pendent of the entry velocity V.. Thus the behavior of
the torpedo and the trajectory of the torpedo during this
phase of the motion s practically independent of the
entry velocity V..

_ For noses whose center of curvature lies aft of the
center of gravity (such as flat noses), a1 < 0 and
a» < 0 so that a critical pitch angle exists. This is
generally nose-up since [a2(0) + I(F + G)] is usually
positive. Hence it appears that for a flat nose a, will
be positive, that is, even for a small nose-up pitch,
the torpedo will go to the top of the cavity. This is
just the reverse of what will happen with, let ussay, a
hemispherical nose.

The critical pitch angle . depends on 8, through
the dependence of a; in equation (26) on 6.. As has
already been indicated this dependence is not known.
There are indications that @, varies as cot 8.. At any
rate, for finer noses 1t is clear that the absolute mag-
nitude of a. decreases with increasing 0.

a. depends on the roll angle through the term Q/B.
Hemover, thids tern b porsorelly el giviwe i ime bn-
centric height ¢ is small. The magnitude of «. for
different values of ¢ for the Mark 13 torpedo will be
given a little later.

For torpedoes to be used in shallow water it is de-
sirable to have «. sufficiently nose-down so that the
torpedo will almost always swing to the bottom of the
cavity. This is true even though the upturning tra-
jectory leads to a broach for the torpedo can fre-
quently withstand a broach but not an impact with
the bottom.

Equation (37) shows the way in which the various
design features of the torpedo affect the critical pitch
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angle. The head shape affects the coefficients a(6.)
and a,(8.) as well as the various coefficicnts appearing
in F, G, @, and B. The effect of the moment of inertia
is also clear.

As illustrations of the use of these equations, let us
consider the behavior of a Mark 13 torpedo and of the
CIT Steel Dunimy.These two bodies have the same

PITCH ANGLE, o, IN DEGREES

i
-

¥
&

-0
6 0 20 30 40 30 60
DISTANGE FROM END OF FLOW-FORMING STAGE, S, IN FEET
Fioure 30. Mark 13 torpedo (neglecting metacentric
height). Piteh angle versus distance from end of flow-
forming stage for various piteh angles at entry (rqua-
tion 26).

external shape but different values of / and M. For
the Steel Dummy ¢ = 0.

Both of these bodies have hemispherical noses so
that ¢/ = Cp = Cp’ = 0.28 and €’ = 0. The con-
stants in cquation (37) are then

Mark 13 Steel Dummy
G = 0.0033 G = 0.0029
F = 0.059 F = 0.065
B = 0.0035 Q=0

Figures 30 and 31 show the pitch angle « as deter-
mined from equation (35) plotted against distance
for various values of the pitch at entry a.. In plotting
these curves the pitching angular velocity has been
obtaired from the whip as given by equation (26).

Figures 32 and 33 show the yaw angle caleulated in
a similar fashion with the assumption that there is no
initial yawing angular velecity.

Similarly Figures 34 and 35 give the rate of change
of pitch with distance along the trajectory and Fig-
ures 36 and 37 give the corresponding rate of change
of yaw angle. To obtain the time rate of change, these

wpraet 2ATI

B, = 20"
— === FOR TORREDD
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CAYITY WALL WHEM

\ whW AT LNTRY = 0°

~1 |

PITCH AMGLE,«®, IN DEGREES
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I . W I
o ] 20 30 48 50

DISTANGE FROM END OF FLOW-FORMING STAGE, S, IN

Ficrre 31. Steel Dummy. Pitch angle versus dis-

tance from end of flow-forming stage for various pitch
angles at entry (equation 26).

60 70
FEET

values must be multiplied by the corresponding ve-
locity, V =V 5.

PosiTioN oF TorRPEDO AT TAIL SLAP

As the torpedo swings to one side o1 the other of
the cavity it soon comes in contact with the cavity
wall. This is an important point in the history of the
water entry since new forces are brought into play
that must be taken into account. The analysis thus
far given is valid only up until the tail slap.

Equation (21) gave the radius of the cavity at a
point b feet aft of the nose as

ux sin 6.6 (ekd — 1)2
2KV 2r,

() =7 + ? (eb* — 1) —

’
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with u approximately 8 {t per sec per sec and A=0.15
for a hemispherical nose. The condition that the tor-
pedo strikes the cavity wall at a point b feet aft of
the nose is that
b(a? + '//2)% + 1=y
or
T

(2 + g =27
/ b ’

i [ ] ]

& by
: YRV AR
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Ficure 32. Mark 13 torpedo. Yaw angle versus dis-
tance from end of flow-forming stage for various yaw
angles at entry. The curves are symmetrical about
Ye = 0.

where 7, is the radius of the torpedo at the point of
contact.

Figures 30 and 31 show also the value of a that
satisfies this condition when b is taken as 9 ft and
¥ = 0. There is clearly a positive as well as a negative
value of o that satisfied this condition. These cor-

respond to the torpedo stiikiug the bottoni or the top
of the cavity. The significance of the critical pitch
angle is brought out very clearly in these curves. For
a, = —2° the Mark 13 torpedo strikes the bottom of
the cavity at about 64 ft from impaet and with a
pitch about 7° nose-up. However, for a, = —3° the
torpeds never strikas the bottom: wt sl but sirikos
the top about 48 ft from the impact and with a nose-~

¥iW AMGLE, ¥, N DEGREES

---% FOR TORPEDO JUST
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WALL WHEN o oa,

W0
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DISTANGE FROM END OF FLOW- FORMING STAGE, S, IN FEET

Ficure 33. Steel Dummy. Yaw angle versus distance
from end of flow-forming stage for various yaw angles at
entry. The curves are symmetrical about ¢. = 0.

down pitch of about 7.5°. To these distances should
be added some 4.5 ft as the distance the torpedo
travels during the flow-forming stage.

In Figures 38 and 39 the distance to tail slap is
plotted against . for the Mark 13 torpedo for ¢.=90°
so that the metacentric height is zero, and for the
Steel Dummy. The solid curve is for y. = 0 while
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!
the dotted curve is for ¢, = 3°. As is expected, S is
diminished with increasing ¢.. On the curve of 8
versus a, for the Steel Dummy are included points of
observed distance to tail slap versus «. obtained at
the CIT-TLR. These points are obtained from an
indication on sound records when the torpedo tail
strikes the cavity wall. Generally, at the CIT-TLR
V. = 1° so that these points are expected to lie near
the curve for y. = 0 and possibly slightly below it.
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Freune 34. Mark 13 torpedo (neglecting metacentric
height). Spacc pitching angular velocity versus dis-
tance from end of flow-forming stage for various pitch
angles at entry.

The agreement between theory and experiment is
quite clear and is gratifying. Besides serving as a
verification of the theory of the torpedo motion dur-
ing this stage, it also offers some corroboration of the
kinematic theory of cavity shape and the constants
) and p which were used.

The angle the plane which includes the trajectory
and the point of tail slap makes with the vertical
plane is given by

¥(S)

6, = tant| —= )},
a(S)

and the angle the direction of motion of the torpedo
at tail slap makes with the vertical plane is given by

0g = tan! (‘m—)) b
o' (8)

where (S) denotes the value of the quantity at tail
slap. It is clear that &, and §; are small when ¥. ~ 0
and are large when a, ~ a..
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Froure 35. Steel Dummy. Space pitching angular
velocity versus distance from end of flow-forming stage
for various pitch angles at cntry.

For the eritical pitch angle at entry we find, by
inserting the numerical values in the expression (37),
the following magnitudes for 8. = 20°:

Mark 18 torpedo

a. = —2.67° for zero roll,
a, = —2.31°for 90° roll,
a, = —1.94° for 180° roll.

CIT Steel Dummy torpedo
a, = —2.47°.
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DISTANCE FROM ENTRY TO TAIL SLAP, 5, IN FEET
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DISTANCE FROM END OF FLOW-FORMING STAGE, S, IN FEET

Ficure 36. Mark 13 torpedo. Space yawing angular
velocity versus distance from end of flow-forming stage
for various yaw angles at entry. Figure is symmetrical
about y, = 0.

ber ]

a0 ¥
By« 20*
/ —, 2 O
——y v I
L \
A— \\

30| ~—
20 . = ~= R“"‘-_-

I
-3 -2 -1 [+] 1 2 3

PITCH ANGLE AT ENTRY, ote, IN DEGREES

Ficure 38. Mark 13 torpedo (neglecting metacentric
height). Distance {from entry to tail slap versus pitch
angle at entry.
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Ficure 37. Steel Dumnmy. Space yawing angular ve-
locity versus distance from end of How-forming stage for
various yaw angles at cntry. Figure is symmetrical
abouty. = 0.
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Figure 39. Steel Dummy. Distance from cntry to
tail slap versus pitch angle at entry. Points are obser-
vations of this distance froin sound records at CIT-
TLR.
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These results appear to be in agreement with ob-
servations at the CIT-TLR. The question of the de-
pendence of a. on 6. is quite important and awaits
the knowledge of the dependence of entry whip (or
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8, IN DEGREES

Frcure 40. Mark 13 torpedo (negleeting metacentric
height). Possible relation between critical pitch angle e
and trajectory angle at entry 6. It is essentially as-
sumed that e, = (—aycot 6.) /[ (F -+ Q) + a2(20°)].
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Figure 41. Stecl Dummy. Possible relation between
critical pitch angle a. and trajectory angle at entry
0. It is cssentially assumed that e = (—a cot 6.)/

CHE 4 G) + aa209) 1.
ay’) on 8.. It was pointed out in Scction 6.2 that there
are indications that @, « cot 6, and a « constant + cot
6.. Tn the quantity as, the coefficient of cot 8. is prob-
ably small, and we might expect that the constant
term is very much larger than the cot 6. term. This is

based on the fact that a marked sensitivity of whip to
pitch should be observed for 0. = 90°. Hence, as a
crude approximation, if the indications are correct
that @, « cot 8., o, will vary with 8, in a manner illus-
trated in Figure 40 for the Mark 13 torpedo neglect-
ing the metacentric height (¢ = 90°) and as in Figure
41 for the Steel Dummy.

At the CIT-TLR a recorder is sometimes inserted
in the torpedo which records the angle the axis of the
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Figure 42. Illustration of torpedo, entering with
large nose-down piteh angle, going to top of cavity.
Angle of torpedo axis with horizontal versus time from
entry for dummy.

torpedo makes with the horizontal. This instrument,
known as the gyroscopic orientation recorder [GORY],
will be mentioned further a little later. One record
was obtained showing clearly a Steel Dummy going
to the top of the cavity for the very steep pitch angle
of &, = —4.8° This record is illustrated in Figure 42.
The axis orientation angle increases steadily from its
entry value of 25.8 in distinction to the case of a tor-
pedo going to the bottom of the cavity for which this
angle decreases.

DEPENDENCE ON ENTRY VELOCITY

It should be emphasized that the motion of the tor-
pedo expressed in terms of the distance along the tra-
jectory is independent of the entry velocity. The
eritical pitch angle, the point of tail slap, and the atti-
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tude of the torpedo at various points does not depend
on whether it enters at 200 ft per sec or 600 ft per see.
This assumes, of eourse, that it is moving fast enough
that an open cavity exists and is due to the assump-
tion of forces proportional to the (velocity)®.

Fhe availabile cridenee seonrs 1o Lear vut this eotr
clusion.

TorPEDO DAMAGE

Although it is not diffieult to build a torpedo shell
strong enough to withstand the drag foree on the
torpedo, the forces brought in tu play at tail slap may
crush the afterbody and fins. These forces increase
with increasing angular velocity, and, as is shown in
Figures 3% und 35, the atapualor veloeity i it with
inereasing departures from the eritical piteh angle
and with the velocity. Henee the importanee of a
clean entry for preventing damage.

Even though the shell may not be damaged by the
drag forces, the sustained aeeeleration due to them
may amount to a hundred times the aceeleration of
gravity and presents a vital problem in the design of
the internal torpedo meehanism.

6.3.4 Further Research

Further research and experiment on this stage of
the motion should probably deal with (1) Cavity
Shape and (2) Nose Forees.

In the direction of cavity shape a theoretical
hydrodynamie theory is most lacking. However,
since very great difficulties appear, perhaps more
work on the kinematic theory is warranted. This im-
plies a tabulation of the quantity X\ as obtained by
experiment for various nose shapes and further
measuremenis o deteriuine the quantity z.

In order to obtain a better knowledge of the nose
forces, the drag, lift, and moment coefficients for
various shaped noses must be determined. In: this
direction further experiment is highly desirable. Also,
some general semi-analytical method should be de-
veloped and ehecked. The Potential Flow Method
seems, at present, most likely to be useful, but 1ts
results must be checked.

6.4 MOTION OF THE TORPEDO IN
A CAVITY AND WHILE
CAVITATING

When the tail of the torpedo strikes the wall of the

cavity, additional forces come into play in determin-

ing the motio. Under the infltense Jf those Lo

the torpedo eontinues to slow down in a eurved path
until it is moving in a noneavitating state.

We shall first eonsider the behavior of the eavity
and its closure by the methud outlined in Bection
6.3.1. We shall then investigate the equations of mo-
tion of the torpedo during that stage and examine
what is known about the forees necessary to deseribe
the behavior of the eavity and the motion of the tor-
pedo. Subsequently, the dissolution of the cavity will
be treated.

6.4.1 €avity Shape and Clusure

Degp CLOSURE

In Section 6.3.1 a semiempirical approach to the
cavity shape was developed. From equation (20)

yle £ 8,0 =r, + AV [t — IV (e7*2 — 1):]

u sin 08[ 1 ]2
7. 5 (e ) (38)

for [ (e — 1),

kV.
where k = Cp (pA/2M). The value of Cp depends on
the nose shape of the torpedo. During the present stage
of the motion, si:.ve both the tail and the nose are in
contaet with the water, obviously Cp will be larger
than the value for the nose alone, and k will be cor-
respondingly larger.

One might expeet that the proper way to treat the
torpedo motion in the cavity would be to handle sep-
arately the situations before and after tail slap. In
the present state of knowledge, this results in a fairly
complicated proeedure that is of doubtful value in
view of the uncertainties in the constants that must
be used. It seems more praetical to use an estimated
mean vaiue of k that insy be called £ and to treat the
motion hefore and after tail slap as a unit.

The type of mean & musi be adjusted Lo the ob-
served facts of the situation. For high speed rockets
most of the underwater trajectory may be after tail
slap. For torpedoes of the Mark 13 type, possibly the
lengih of the trajectory after tail slap will be twice
that before. The average used must take into account
these facts. It is clear that, as the torpedo travels
along its trajectory, the cavity width (2y) for a given
x eventually decreases until the cavity walls come
togethe:. We wish to determine at what time this
garemirs and where the torpedo is at this instant. This
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phenomenon, which we will call deep closure, can be
seen clearly in photographs of model projectiles
launched into water. At a given point, the diameter
of the cavity first increases after the projectile has
passed and then decreases until the cavity closes.
This closure will not occur at the same time at
various points. For this reason one desires to find the
time and place at which the cavity walls first come
together, thus sealing off the torpedo from the at-
mosphere. Call this time of first closure £ and its
position ..
From equation (38) settingy = 0, we find

1

t=——(cF— 1
I\“V( )

T Ao Fr 4 \/)\—'3_"(,?0"25‘ + 2pr sin 00‘ 39)
wx sin 6,

This equation gives the time of closure at a given

position 2. To find the time at which the cavity seals

off, it is necessary to use the position at which the

time of closure is a minimum. Writing

T =FkVd, Ts = (e — 1),

X = kz,

a = 282V 2r, _ 2psinf. _ 1 Ahery
using, ENV2 GO

Then equation (39) becomes

Ger (1 + V1 A HXA)

T=eX—142 1 (40)

To minimize T set d1/dX = 0, which yields

2X%e*% 1+ X fiXerx

=Xt e e
VI1+HXeX 2V 14+ HXeX

The solution of these equations gives X (G, f). Then,
substituting in equation (40), we may obtain 7., and
the position of the torpedo may be caleulated from
the relation

" (41)

s= Ln(1 + kViL) = %111(1 +7). (42

gl —

<

Thus, if we know the value of A and u for a given tor-
pedo and can select a suitable mean value of £ it is
possible to estimate the distance and time to cavity
closure.

To facilitate the use of these results, the quantities

7. and X, are plotted against G in Figures 43 and 44
for some values of H. In Figure 45 In(l -+ To) is
plotted as a function of @ for some values of H since
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FicUre 42. Graph determining time to first elosure
as a function of the torpedo characteristics and entry
conditions.

the distance traversed by the torpedo from entry to
cavity closure is given approximately by

5 = ;_111(1 + 7).

As an example of the use of these figures, consider
the Mark 13 torpedo with V., = 600 ft per sec and
9, = 20°. Before tail slap Cp = 0.28, and after tail

T !
Ko g WHERE byt Tel SVBRARGE ALERG TH |
1 TRACOCTONT WHER] FAT CLOIUNE MR

2.D| P oo | L Y )

0 2 F AAs8 8|

2 3 456 810 20 3040506080100
4

. Ficure 44. Graph.detcrmining point along the tra-
jectory whare the cavity first, closes as a function of the
torpedo characteristies and entry conditions.

slap Cp’ = 0.45. As a result, £ may be taken as
0.0143. We found in Section 6.3.1 that N = 0.15
and p = 8 ft per scc per sec. Hence we find G = 4.16
and H = 0.06. According to Figure 43 we find
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T, = 3.1 and the cavity seals off from the atmosphere
0.36 sec after entry. From Figure 44 we sec that the
cavity closes first at a distance of 72 ft from entry.
At the time of closure the approximate position of
the torpedo is given by Figure 45 and is seen to be
about 101 £t from entry. An entry velocity of 350 ft
per sec for the Mark 13 torpedo makes f. = 0.40 sec,

x, = bL{t, s. = 77 ft. For the same entry conditions

3.5
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Frgure 45. Graph determining position of torpedo
at first closure.

with the Stecl Dummy, but with V, = 600 ft per
sec, the corresponding values are t. = 0.35 sec,
x. = 61 ft, s, = 83 ft, and, with V, = 350 ft per sec,
t. = 0.39 sec, . = 46 ft, s. = 65 ft. The velocity of
the torpedo at this point is given by

V,= V,e—Fe,

From Figures 43 and 44 for t. and . it is found
that f. decreases slowly with increasing V.. It is also
found that s. (the position of the torpedo at cavity
closure) will increase with increasing V.

The values for ¢, agree with the sound records of
cavity collapse as observed in rocket trials in the
United Kingdom and with the time that the depth
and roll recorder begins to record in the British
18-inch torpedo. The values predicted also agree
with values obtained in many model experiments of
the vertical entry of spheres into water.

Using the value of k presented above, another
interesting and useful graph is the angle between the
trajectory and the torpedo when the torpedo is just
touching the cavity wall during the open cavity stage.
This is given by (y — m)/b and is drawn in Figure
46. This figure is only approximate since among other
assumptions is that of a straight line trajectory.

Surrace CLOSURE

Numerous times in model water-entry studies, a
phenomenon of what may be called surface closure
has been observed rather than deep closure that has
been discussed up to now. By surface closure is
meant the phenomenon whereby the cavity closes
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Ficure 46. Approximate eurve of mean angle be-
tween the trajectory and the Mark 13 torpedo when it
is just touching cavity wall.

near the surface due to the splash folding over the
cavity opening forming a roof. This often occurs
quite soon after entry compared to the time for deep
closure. The primary cause is possibly the aero-
dynamic force acting on the splash near the surface
of the water.

The time at which surface closure occurs decreases
with increasing V., and it appears that, as V. in-
creases, surface closure will occur before deep closure,
at least for small models. It is, therefore, desirable
to know how surface closure will affect deep closure.
On this point there is not much experimental evi-
dence. Tt is expected that after surface seal the pres-
sure in the eavity, at least at first, will tend to fall
below P, (external pressure) since the volume occu-
pied by the entrapped air increases. In the empirical
theory of the cavity shape which was used to deter-
mine the time to deep closure, one of the assump-
tions was that the pressure in the cavity is Po. How-
ever, if surface closure occurs and P. < P, there is
another force accelerating the cavity walls inward,
and the time to closure will be somewhat diminished.
Trom the water entry of torpedo models there are
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indieations that P. ~ P,. In addition, deep closure
has been observed to occur after a surface closure has
occurred in the vertical entry of spheres in water and
appears to be relatively unaffected by the surface
closure.

Just how surface dusuie scales up has as yet not
been determined. However, it appears that, while it
may oceur in model tests, it probably does not ocecur
in the full-scale tests; furthermore, even if it does
oecur, it appears that it probabiy does not attect uhe
deep closure and the subsequent torpedo motion.

6.4.2 Motion with Tail in Contact with

Cavity Wall

When the torpedo strikes either the top or bottom
of the cavity or possibly one side, forces at the tail
are produced in addition to the forces on the nosc
whieh were discussed in Section 6.3. The tail forces
are primarily a lift perpendicular to the axis of the
torpedo near the tail, at some distance I, aft of the
center of gravity, and also a small tail drag. Although
the equations of motion are essentially of the same
form as given in Section 6.3, they arc quite difficult
to handle. During this stage of the motion gravity
may or may not be neglected, depending on the Vo
and the distance from entry to tail slap (essentially
the velocity). To obtain equations amenable to sim-
ple treatment, we shall make the simplifieation that
the torpedo is resting at some equilibrium pitch and
yaw angle against the cavity wall. These equilibrium
angles are such that the sum of the moments about
the center of gravity is zero. When the torpedo first
strikes the cavity wall it will tend to go past this
equilibrium position and then execute damped oscil-
lations about it. In addition, at the tail of the torpedo
the eavity is contracting, and also the torpedo is gen-
erally rolling in the cavity during this stage of the
motion.

MOTION ALONG THE TRAJECTORY
For the motion along the trajectory, there is the
usual equation

A
—Cp PV, 43
o oy (43)

but the drag coefficient Cp may be divided into two
indepcndent parts

Vo Y g )
VD — VDn ‘ CDL,

where Cp. represents the drag due to the torpedo
nose, and Cp, represents the drag due to the tail.

Equation (43) gives directly the velocity V and the
time ¢ in terms of the distance s that the torpedo has
traveled along its trajectory from the position at
tail slap

A
~Cp by (s~ 8)
I’r == Voe M 0 S % S o (44)
Vo is the velouity ot the boghrodtg of this sbige OF thie

motion. This is given in terms of the entry velocity
and the distance to tail slap S by

pd
Vo= Vi 7o

Also

2M 0 28 -
=E—7:-17’[6C w0 1]+ts, sz S,
Dpato

where #5 is the time to the tail slap.

MoTION 1N THE VERTICAL PLANE

In case the torpedo strikes the cavity top or the
bottom, it will become subject to additional forces
in the vertical planc and perpendicular to the tra-
jectory. Subject to thesc forees in the vertical plane,
the trajectory will curve up or down depending on
whether the torpedo is in contact with the cavity top
or bottom.

The equation of motion is

e ® =

ds

= —(C/—Cpa) ’121 Vet My.

=a; f’; Ve + Mg

(45)

The angle 8 is assumed clcse enough to zero to permit
setting cos § = 1 and writing Mg for Mg cos 6. Since
the effect of this term is small, such an approxima-
tion appears acceptable. The coefficient C'p is com-
posed of two parts. One represents the lift at the nose
and is called C'1,.. The other is the lift at the tail and
is called C'..
CrL=Cr.+Cur. (46)
The primed coefficients describe the resultant
forces along and perpendieular to the torpedo axis,
while the unprimed coeffieients describe the com-
ponents parallel and perpendicular to the trajectory.
The relation between these quantities (in the usual
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case where a is sufficiently small so that cos « =1,
sin @ = @) is

O =CL+ Coa,
Cp’ = Cp — Cra,

this being true for the coefficients of the nose, the
tail, or the entire torpedo.

To obtain a relationship between Cr. and Cp,, it is
only necessary to make use of the assumption that
the torpedo is resting on the side of the cavity at an
equilibrium pitch angle a. The sum of the moments
about the center of mass is then zero so that

L = LCLW, (#7)

where 1y is the distance the center of pressure of the
nose lift lies forward of the center of mass, and [, is
the distance the center of pressure of the tail lift lies
behind the center of mass.

Concerning the lift forces, two assumptions are
made that will be shown later to have some cxperi-
mental basis. It is assumed that the nose lift is pro-
portional to the pitch angle « and that the tail lift
and drag are proportional to the departurc of the
piteh angle from the value for which the tail of the
torpedo just touches the wall of the cavity, a..? This
last assumption is clearly valid only when a > au,
but this is the case of importance. Hence let

CLn’ = Cln/aCLtl =('vlll(a_ au') u,n(l CD[’ Cas (Y(ll(a_ au) .
(48)

The condition of equilibrium, equation (47) then
gives the equilibrium pitch angle to be

5 =~ Clt I2au' . (49)
Cu'ly; — Cu'ly

Equation (45) then becomes

o1 1,) , ] _pd g
o _1_ _lesr+2)=¢ P9 (50
is R [’ ( g o @ty 60

This result shows that under the assumptions made
the torpedo moves in a vertical circle as long as &,

b Strictly, the nose lift is proportional to the effective pitch
angle at the nose, o — L/V(a — 6) and the tail lift to
a + l/V(e — §). However, due to the uncertainty in the
coefficients and for simplicity the effect of the angular velocity
terms are omitted in this analysis. No analytical difficulties
are present if one wishes to include them.
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or au, is constant and g/ V2 does not change too much.
The negative sign implies a circle concave-upward,
while if @ is negative the circle is concave-downward.
As the velocity decreases the last term in (50) be-
comes more important and may eventually change an
upturning trajectory toa downturning one.

Equation (50) was based on the assumption of a
constant @ and this depends on a constant «.. Since
the shape of the cavity changes with the time, o, will
not. be constant but will decrease as the torpedo
moves along. Equation (21) gives the radius of the
cavity at a distance b back of the torpedo nose so
that a. can be evaluated.

Yp — Tp

b

a, = tan a, =

A kb 4 2ks(pht _ 1)2
T T e i 1) _ssin oie (e 1) (51)
b kb 2(kV .)2br,

with y, = radius of cavity at distance b back of the

nose,

r, = radius of torpedo at the point of flow sepa-
ration from the nose,

r, = radius of torpedo at a distance b back of
the nose,

I = mean deceleration cocfficient,

s distance along trajectory.

{l

This expression for e, can be used in equation (49}
to get & for use in equation (50). The value of 1/R
as a function of s can then be obtained and inte-
grated with respect to s to obtain the angle through
which the torpedo turns in a given length of trajec-
tory.

MoTiox IN THE HORIZONTAL PLANE

1f the torpedo enters the water near the critical
pitch angle a., it may swing to one side or the other of
the cavity so that the foree due to contact with the
cavity will be horizontal. To the extent to which
gravity can be neglected, the motion will then be
confined to the plane defined by the dircction of this
force and the initial direction of the trajectory. Since
the torpedo is probably symmetrical about its longi-
tudinal axis, the force coefficients for the horizontal
forces will not differ significantly from those for the
vertical forces, and the radius of curvature will be
given by equation (50). The force of gravity will not
affect the radius of curvature but will tend to distort
the motion out of the plane.
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GENERAL CASE

In case the torpedo strikes the wall of the cavity
at an arbitrary angle, the forces called into play will
lie in the plane defined by the axis of the torpedo and
the direction of motion at the time of impact. In s0
far as gravity can be neglected, the motion will con-
tinue in this plane with a radius of curvature indi-
cated by equation (50). In this approximation, the
horizontal displacement and the change in depth can
be estimated for any given cendition at tail slap. It is
assumed, of course, that the torpedo does not roll
around the cavity. For no rolling of the torpedo, the
radius of curvature of the path in the vertical plane
increases slowing with increasing s. In other words,
if the torpedo is un the bottom side of the cavity, the
torpedo trajectory is curved (and essentially circular)
concave-upward, with the radius of the curve in-
creasing as the torpedo travels along its trajectory.
Thus it becomes less concave-upward untii finally, if
the torpedo is traveling sufficiently slowly, it may
reverse sign and become concave-downward. How-
ever, if the torpedo is on the top side of the cavity,
the trajectory is concave-downward with the torpedo
tendiug to Jive st the padioe U corvaturo t Jirag v
increase slowly. Due to the gravitational term the
radius of curvature tends to decrease slowly, and the
net result depends on the hydrodynamie constants
and entry conditions. This general type of behavior
is due to the fact that the cavity is contracting near
thie torpedo tail and its shape is changing slowly so
that the equilibrium pitch angle is decreasing and
thus, also, the lift force increasing the radius of cur-
vature. :

For launchings, like those of rockets and high speed
airoraft torpedoes, V. is very large, and the gravita-
tional term may be neglected. In this case, the lia-
jectory does not differ mueh from a circular are since
the cavity cuntracts very slowly, and thus the radius
of curvature of the path increases very slowly. On
the other hand, for sufficiently low V., even though
the torpedo strikes the botiomm vall ol the cavity at
some distance along the trajectory, the path may
become concave-downward, and the torpedo will
dive. This has been clearly observed in model experi-
ments.

In the horizontal plane the behavior is very simi-
lar. For no roll, if the torpedo tail strikes the right
side of the cavity the path is concave to the left with
slowly increasing radius of curvature, and if the tor-
pedo tail strikes the left side of the cavity the torpedo

path will eurve to the right with slowly decreasing
curvature.

The change in the trajectory angle in the vertical
and the horizontal planes during this stage of the mo-
tion follows immediately from the discussion of the
radius of curvature. Thus for the torpedo on the
bottom side of the cavity the trajectory angle de-
creases at a slowly diminishing rate, while if the tor-
pedo is on the top of the cavity it increases at a rate
which may diminish or increase depending on the
hydrodynamic constants of the torpedo during this
stage of the motion and the entry conditions. Thus
for torpedoes on the bottom side of the cavity, the
pitch angle at entry being more nose-up than the
critical pitch angle (o < e.) (unless V., is very low),
g will decrease with a resulting upturning trajectory,
while if at entry a. < . the torpedo will strike the
top of the cavity the trajectory angle will increase
with a resulting down-turning trajectory.

It is evident from the preceding discussion of the
equation of motion solution that the motion in the
horizontal plane depends also on the ‘entry condi-
tions in the vertical plane, and a similar statement
mas be made for the motion in the vertical plane.

JLLUSTRATION OF MoTiON

The general behavior of a torpedo going to the
bottom of the cavity may be seen qualitatively from
a series of photographs obtained from 1-in. models at
the Morris Dam Group, California Institute of Tech-
nology. This is illustrated in Figures 47A to 47D.
This series of photographs is taken from the trajec-
tory of the 14n. vent d model of the CIT Steel
Dummy. From these pictures, which probably do not
duplicate all the aspects of the trajectory and cavity
stiupe of tho Tyl seale U Sedl Lnmmy, one magy
nevertheless see the qualitative behavior of the tor-
pedo as described earlier. Clearly the torpedo strikes
the cavity wall, and the tail digs in until the torpedo
settles around some equilibrium pitch angle, as illus-
touted i Figures 374 st 1 The torpedo then |=aur-
sues a curved path (concave-upwards since it is on
the bottom side of the cavity) at roughly constant
pitch angles as seen in Figures 17B, C, D. The cavity
then can be seen sealing off (deep closure) from the
atmosphere. The trajectory after closure differs more
markedly from the full-scale and will be discussed
later. However, it should be noted that even after
the closure, while a cavity (although closed) may
exist, the torpedo path is curved. In addition, one

CONFIDENTIAL




WATER ENTRY

Frqure 47. Nlustrations of the underwater trajectory of
nose. 8. = 19°. 17, = 105 ft per sec.

the 1-in. vented model of the Steel Dummy with a finer

A. 10 diameters from entry. Torpedo going to bottom wall of eavity.
B. 22 diameters from entry. Tail slap has just occurred and torpedo tail is digging in.

C'. 67 diameters from entry. iorpedo riding on Rocioli v atl ol tic cavity at roughly

pursuing an upturning trajectory (roughly circular are).
D. Torpedo oroaching after approximately circular path.

secs the diminishing trajectory angle and the nose-up
pitch angle during, and at the end of, the open cavity
stage of motion,

Oraer Tyris oF MOTION DURING
OpEN CAVITY STAGE

The forcgoing discussion has more or less implicitly
assumed a type of head on the torpedo in which the
center of curvature of the nose is forward of the cen-
ter of gravity. However, if the center of curvature of
the nose is aft of the center of gravity (as on a fiat
nose) then it was seen (Section 6.2.5) that a restoring
moment acts on the nose tending to return the tor-
pedo axis to zero pitch. In this case the torpedo may
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Cavity behavior appears different from prototype.

strike the cavity wall, but the corresponding pitch
angle will not be the stable equilibrium pitch angle.
After striking the cavity wall, due to the restoring
moment at the nose, the torpedo may rebound from
the wall, oscillate past its equilibrium position to the
opposite cavity wall, and then rebound from that
wall. Thus a periodic oscillation in pitch may be ex-
pected with an attendant periodic oscillation in the
trajectory. This entire phenomenon has been ob-
served in model experiments with flat noses. This is
the type of behavior which has sometimes been called
an oscillatory type of trajectory.

Generally, the entire preceding discussion is for
torpedoes in which the length to diameter ratio is
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not too small. If this ratio becomes small a compara-
tively wide cavity is produced, and it is possible that
a very large value of & must be attained for equi-
librium (which may not necessarily be a position of
stable equilibrium) and the motion will tend to be
that of broadsiding. '

It has also been assumed that I {the distance be-
+ween the center of pressure of the tail lift and center
of gravity) remains constant during this stage of the
motion. Generally, this is satisfactory. However, it
clearly depends on the shape of the tail section of the
torpedo and may easily involve & and the cavity
angle. For the broadsiding motion mentioned above,
I, will probably vary during this stage. .

RoLL IN THE CAVITY

Up to now, it has been assumed that the torpedo
does not roll about the cavity during this stage of the
motion. Actually, this assumption may not be com-
pletely correct. In order to examine this point, the
roll velocity of the torpedo must be investigated.

During the stage before tail slap, it was observed
that a rolling velocity of the torpedo about its longi-
tudinal axis was produced and that this velocity is
proportional to the yaw angle at entry y.. This roll
veloeity was caused by the moment of the hydro-
dynamic forces perpendicular to the torpedo axis,
multiplied by the metacentric height. Thus for the
Mark 13 torpedo entering right side up, since the
center of gravity is below the torpedo axis, a nose-
right yaw produces a clockwise rolling angular ve-
locity, while for the torpedo upside down with the
same entry conditions a counterclockwise roll ve-
locity would be produced. For intermediate roll
angles the hydrodynamic forces perpendicular to the
torpedo axis in the vertical planc also produce a
rolling moment.

Thus, at tail slap, the rolling angular veloeity of the
torpedo is its roll velocity at entry, é., plus the rolling
veloeity induced during the previous stage of motion.

At tail slap, an additional rolling angular velocity
is produced due primarily to thrce causes, the meta-
centric height of the torpedo (arising in an entirely
similar manner to the roll velocity induced during the
previous stage of motion), the torpedo propellers, and
the turpedy fins. We will discuss woeh o f these effects
separately.

Effect of Metacentric Height. The roll velocity pro-
duced by the moment of the hydrodynamic forces
multiplied by the metacentric height has already
been mentioned. Clearly, roughly the same type of

forces will act on the nose of the torpedo as in the
previous stage of the motion where the nose alone
wae it contaet with the water. The magnitude of the
transverse forces are proportional to ¢ in the hori-
zontal plane and & in the vertical plane.

Effect of Propellers. The effect of the propellers in
producing a roll veleeity depends primarily on their
sense of rotation. At tail slap, the propellers first
come in contact with the water, and therefore a
hydrodynamic force is produced. By far the largest
component of this force is that normal to the pro-
peller blades. The force normal to the blades pro-
duces a rolling impulse and hence a rolling velocity
about the longitudinal axis of the torpedo. The direc-
tion of this rolling velocity will depend on the direc-
tion of the force normal to the propeller blades, which
in turn depends on the direction the propellers are
pitched. The torpedo experiences a rolling moment
since at tail slap the propellers probably are not up
to their normal running speed and, in any case, the
torpedo vclocity is much greater than the steady
running value. For a given set of propellers, the force
and hence the rolling velocity would be a maximum
when the propellers are fixed to prevent rotation.

It is evident that the direction of the force on a
single propeller which is left-handed is such that a
counterclockwise roll velocity is expected, while if
the propeller is right-handed a clockwise roll velocity
is expected. With counter-rotating propellers, with
which most propdicr posessd oMU Al fitted,
the problem is somewhat more complex. However, it
is probably correct to assume that the direction of
pitch of the forward propeller will determine the
direction of the roll velocity induced at tail slap.

From this discussion of the mechanism whereby
propellers produce a Loiling velocity, it may be in-
ferred that thie rolling impulsc and hence the rolling
velocity will increase with increasing propeller blade
area, increasing propeller blade pitch, and certainly
with increasing entry velocity V.. In addition, the
rolling velocity will probably also depend on how
much the propellers sink into the cavity wall. As a
result, one might expect an increasing roll velocity
with a larger propeller diameter even though the
blade area is constant.

Effect of Fins. The third possible cause of torpedo
roll after tail slap is the action of the water on the
torpedo fins. If there is any relative velocity, perpen-
dicular to the torpedo axis, between the water
bounding the cavity and the torpedo in contact with
it, there will be a torque tending to roll the torpedo.
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Very little is known as to the detailed motion of the
water at the surface of the cavity, but it is in accord
with the simple description of cavity shupe already
given to assume that all of the motion is in a plane
containing the axis of the cavity. Hence any relative
motion must be a motion of the torpedo in the cavity.

If the torpedo were initially in the center of the
cavity and moved directly over to make contact with
the surface, there would be no relative motion be-
tween the torpedo and the water, perpendicular to
the axis. It appears, however, that the situation is not
so simple. In the first place, the torpedo is away from
the axis of the cavity by amounts corresponding to
the yaw angle ¢, and the pitch angle a. at entry. In
the second place, the pitch angle will change much
more rapidly due to the entry whip than will the
yaw angle. Hence, when the torpedo strikes the
cavity surface, it will not be travelling along a radius
but along a chord of a seetion of the cavity. Hence di-
rections of roll due to the fins are to be expected as
follows:

Pitch at Tail Slap Ve Roll Velocity
Nose-up Nose-right Clockwise
Nose-up Nose-left Counterclockwise

Nose-down Nose-right Counterclockwise
Nose-down Nose-left Clockwise

Experimental Vertfication. We may now undertake
to investigate the available experimental data on the
roll velocity produced at entry and examine e
agreement with the qualitative and semiquantitative
theory of the phenomena presented above.

Practically all of the data obtained on initial under-
water roll in this country was observed at the CIT-
TLR by means of a gyroscope orientation recorder.
Roll records liave been obtained in which the effect
of the metacentric height, the propellers, and the fins
have been studied. These tests were carried out on
the CIT Steel Dummy which, incidentally, is gener-
ally not fitted with propellers. The effect of the fins
was to a large extent isolated by experimenting with
the so-called MBB Dummy, illustrated in Figure 48.
This dummy has the same physical characteristics as
the CIT Steel Dummy, except, as is seen, most of the

Lo mns 1o BaTC raed YATG
fin area is removed. With the MBB Dummy as the

basis, the effect of metacentric height, fixed pro-
peliers, and fins was examined one at a time.

Since on the normal MBDB the metacentric height
is zcro, there are no propellers, and the fin area is a
minimum, we expect the observed roll velocity (which
is defined as the maximum roll velocity observed

within the first second after entry) Lo be & minituuin,
but with some residual roll due to the fact that the
fi1i aren I8 Tot eotuploldly matuowad. The observed roll
velocity in this case is expected to have the same de-

P

Fiaure 48. CIT MBB Dummy minimum fin instal-
lation.

pendence vl yaw ab entry as that due to the fins
alone so that, in the light of our previous discussion,
a nose-right yaw is expected to produce a clockwise
.Ulli vuluu.,‘xu‘). Ti Use 1ol 'V.AL'\J'“J;LS &1 ol hy eV er
expected to e nearly so large as with normal fins.
In Figure 49 the observed roll veloeity for the MBB
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Figrre 49. Induced roll velocity for CIT MBDB
Dummy (zero metacentric beight).

ROLL VELOCITY IN DEGREES PER SECOND (Q:J

Dummy is plotted against yaw at entry, and the re-
lationship is seen to be as expeeted. At the origin, the
slope of the curve is approximately 50 degrees per
sec per degree yaw.
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The next step in the measurements of 10ll velocity
was to put the center of gravity 0.53 in. below the
axis of the dummy and obtain the dependence of ¢
on y.. It is expected from the previous discussion
that for a given nose-right yaw angle the clockwise
roll velocity will increase with increasing metacentric
height. The dummies entered with a. > ac and right
side up. kxamining Figue 53U, which reprosents the
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Ficure 50. Induced roll velocity for CIT MBDB
Dummy (metacentrie height = 0.53 in.).

results of these tests, indicates that the obsexved roll
velocity is altered by the metacentric height in the
manner predicted. From this figure it is secn that for
the MBB Dummy the sensitivity of ¢ to . is in-
creased to 150 degrees per sec per degree yaw so that,
due to the metacentric height of 0.53 in., the roll ve-
locity is increased approximately 100 degrees per
see per degree of yaw.
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TIME IN SECONDS
Figure 51. TRoll angle versus time for C1T MBB

Dummy.

ROLL AMGLE IN DEGRESS
GLOCKWSE COUNTERCLOCCATE

On the basis of the discussion of the causes of roll
given earlier, it is expected that the effect of the meta-
centric height in producing a roll velocity is zero for
Y. = 0 since in this ease there is no force aeting on a
hemispherical nose normal to the torpedo axis in the

hurizontal plane. I addition, the effest of rainimum
fins for ¢. = 0 is expected to be zero since the fin
effect varies with . as ciscussed earlier. Hence for
Y. = 0, we expect ¢ = 0. One roll record was ob-
tained with the MBB Dummy with the center of
gravity 0.53 in. below the axis in which ¢. = 0. The
record is presented in Figure 51. It is seen that the
roll volueity is pructionBy sero nswapmrted.
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Figure 52. Induced roll velocity for CIT MBB
Dummy (fixed Mark 13 propeliers with mintinum fins).

To test the effect of propetlers, the MBB Dummy
was fitted snccessively with Mark 13 and Mark 14
propellers fixed to prevent rotation. The Mark 14
propellers are somewhat larger than those of Mark
13. Tt should be noted that the Mark 13 and Mark 14
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Ficure 53. Induced roll velocity for CI1T MBB
Dummy (fixed Mark 14 propellers with minimum fins).

forward propellers are left-handed. The result ob-
tained with the Mark 13 propellers is illustrated in
Figure 52 and indicates that with left-handed pro-
pellers at zero yaw a counterclockwise roll velocity
is produced averaging about 125 degrees per sec.
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Thus a constant roll velocity is super pused vt the roll
velocity caused by the metacentric height and mini-
mum fins. In Figure 53 a similar result is observed
with fixed Mark 14 propellers. In this case the roll
velocity due to propellers is some 300 degrees per sec
or about 214 times the roll velocity due to Mark ls
propelle.s. This is as expected since the area of the
Mark 14 propellers is somewhat greater than that of
the Mark 13 propellers.

To study the effect of the fins in producing a rolling
velocity the MBB Dummy was launched with nor-

" mal fins. The observed resulfs are presented in Figure

54. From this figure it is clear that the fins produce a
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Ficure 54. Induced roll velocity for CIT MBR
Dummy (no propeiiers and norinal fiusi.

rolling velocity in a manner predicted earlier. The de-
ereased influence of the yaw angle on the roll veloecity
iot 'lu;gcx yaw aligles is ,ll.l;u(, apparcut. Ncard. = U
it is found that the siope of the roll velocity curve is
approximately 150 degrees per sec per degrce of yaw
which represents an increase of about 100 degrees per
sec per degree of yaw over the value observed with
minimum fins.

We thus see that the discussion of the causes of roll
at tail slap appears to be verified by the available
experimental data at least for torpedo shapes similar
to the Mark 13 torpedo.

On the basis of the observed values of the roll ve-
locity, it is possible to estimate the extent to which a
Mark 13 torpedo might roll around the cavity during
this stage of the motion and hence the extent to which
the plane of the trajectory might be distorted.

1t appears that this stage of the motion will not
last longer than 0.4 sec and, if the roll velocity of the
torpedo s less thut 200 Jegroon por wer 1L will g
less than 80°. This will correspond to a change in

angular pusition in the cavity that is less than 32
since the ratio of the torpedo radius to the cavity
radius is about 0.4. This value of 32° based on no
slipping at all is an upper limit, and its low value

justifies the qualitative picture of the plane trajec-
tory as a hirst approximanon.

6.4.3 Observed Values of Hydrodynamic
Constants after Tail Slap

In order to obtain the magnitudes of the radius of
curvature of the path, the time and velocity distance
relationships, as well as the cavity shape during this
wtinge o the mation, the adifitionm] demg and 1ift forees
due to the contact of the tail with the water must be
known.

MeTHODS OF OBTAINING C p DURING THIS
STAGE OF THE MOTION

In general, we can say that Cp = Cp, + Cpi, Where
Cp. is the drag coefficient due to the torpedo nose,
which was discussed in detail in the last part, and Cp,
is the drag coefficient of the tail of the torpedo. The
magnitude of Cp, may be thought to be attributable
tu the extra drag of the tail section coming in contact
with the cavity wall or the additional drag caused
by the increased wettcd area of the torpedo in this
stage. Hence it is expected that for any torpedo Cop
will be a fuuction of the tail shiape and stracture.
Pussibly the unly method for abtaining Cr is exjeeri-
mentally, and the simplest method for obtaining Cp
or ('py is probably by obtaining a velocity distance,
veloeity tinie, or disbioes tme neord during this
stage of the trajectory. A usable drag coefficient for a
rocket, based on full-scale and model tests, has been
deterined. This drag voefficient is generally aver-
aged over the entire trajectory. Hence it is expected
that the value of Cp quoted would be slightly less
than (Cp. + Cp:) since it generally includes a small
region where Cp = Cp, (the previous stage of the
trajectory) and possibly, for low V., some region
after cavity closure.

Another possible method fur fuvestigatingg the
value of Cp during this stage of the motior. makes use
of water tunnel tests with the torpedo at a pitch
angle & that is estimated to be roughly the value n
the open cavity. With the cavitation number K ap-
propriate to this stage of the trajectory (which is
probably of the order of K = 0) the value of Cp, and
alsa nther coefficients like C'r, may be measured. The
increase in the value of ('p during this stage of the
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trajectory is expected to occur almost discontinu-
ously since the immersion of the tail in the cavity
wall takes place very suddenly. .

In addition, since the wetted area of the tail usually
increases considerably with increasing & we should
expect C'p, and hence Cp to increase with increasing &
during the open cavity stage. Indeed, as was men-
tioned before, we expect Cp, < (& — a.). The model
tests of the forces on a long cylinder planing on water
Love shown that O, i appesently » linewr Tunction of
(@ — a,) as was expected.

OBSERVED VALUEs OF Cp

During this stage of the motion, Cpn is approxi-
mately the same as the value of Cp in the previous
stage, and Cp, is a function of the tail structure.

For the CIT Steel Dummy (which is fitted with a
shroud ring) it was found by rcpeated distance-time
measurements at the CIT-TLR that, based on body
diameter, during this stage of the motion Cp = 0.35
approximately. Based on the actual nose-sphere
diameter, Cp = 0.42 is in fair agreement with the
values for hemispherical-nose rockets. The value of
Cp for the full-scale Mark 13 torpedo with shroud
ring is probably in the same ncighborhood and may
be somewhat larger due to an additional drag force
introduced by the propellers. From distance-time
curves obtained with the 1-in. vented modecl of the
Steel Dummy, it is estimated that during this stage
of the motion C'p = 0.33 based on body diameter and
when based on nose-sphere diameters Cp = 0.38.
Hence it appears that without propellers C'p, = 0.14
at the particular (@ — o) holds for that torpedo.
Adding propellers tends to diminish & and henee
shiould diminish that part of Cp, due to the torpedo
tail. However, the propellers alsocontribute to Cp.. As
a very crude approximation, the value of Cp for a
flat plate of the same area may be used for Cp,. For
the Mark 13 propellers this appears to be using the
area of two blades (presumably two of the four blades
may be completely immersed). Very roughly Cp, ~
0.06. Due to the propellers there is also an increase in
(1 and as a result & will diminish somewhat, thus de-
creasing Cp., possibly by 0.03. Hence, by this very
rough method, for the Mark 13 torpedo Cp, = 0.17
and Cp = 0.45. As a notation, it is here, for the first
time, that the shroud ring has been considered since
this is the first stage of the motion in which the tail
structure has made contact with the water. It is
estimated that the shroud ring drag will be small.
Therefore, the value of Cp for the Mark 13 torpedo
without u shromd ring is expeeted bo b approxoatoly

the same. The reason for this is that the ring surface
makes an angle of 4° with the torpedo axis. If the
cuvity were eunicnl, then the shroud ring would also
make roughly a 4° angle with the water when just
touching the cavity wall. However, at the rear of the
torpedo the cavity wall begins to curve inwards with
the result that the flow past the shroud ring will be
roughly in the direction of the ring when just touch-
ing the cavity wall. As the torpedo tail digs into the
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Ficure 55. Drag coefficient versus cone angle for
(clonc heads on a cylinder. (Obtained in the United King-
om.)

cavity wall, there is probably an angle of attack of
the flow on the shroud ring as to result in a lift. The
total increase in drag appears however to be neg-
ligible.

The value of C'p measured for the Mark 13 torpedo
is at the equiibrium angle /& + ¢°. The magnitude
of this angle is not known and is not constant during
this stage of the motion. It is estirnated that the
magnitude of this angle is in the neighborhood of 10°,
based on the kinematic theory of cavity shape and
from gyroscopic orientation recorder records at the
CIT-TLR of the angle of the torpedo axis in the
vertical plane.

Results have becn obtained in the United King-
dom for the Cp of models of cone head rockets. These
results are probably averaged over the entire trajec-
tory, and as a result the drag coefficients observed
are probably low for this stage of the motion. The
results indicate that Cp appears practically indepen-
dent of the length over dimmeter ratio for the roekats.
Figure 55 is a plot of the results obtained of C'p versus
sone angle. They are all for 1,/ = 0.4. Comparing
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these results with the Cp observed for cone noses be-
fore tail slap, the value appears lower. This illustrates
somewhat the inherent inaccutacles in Teastres
ments, but primarily it indicates that Cp. for a cylin-
der is almost negligible. It appears, as is expected,
that Cp increases with the cone angle. Results ob-
tained for Cp.’ for cone noses by model experiments
and integrated pressure distributions may be com-
pared with the results in Figure 55, and from the com-
paiison al estimete of the teil dreg coeflictent &ur: Le
made. Tn addition, the tail drag is showt to be small
by the fact that a smooth velocity-time relation is
found in these model tests over the entire trajectory
rather thai the ahimost disvottiaoes eutre olscrved
for the Mark 13 torpedo.

It was also found that Cp, increascs somewhst as
the center of gravity is moved back trom the nose.
This may be attributed to a greater lift required for
equilibrium on the cavity wall and increased sub-
mersion of the tail.

A rocket with the Admonitor CIT head, whichisa
head looking like a large-caliber ogive, was found by
the British to have Cp, = 0.11 and Cp = 0.16. The
tail of the rocket is roughly cylindrieal in shape. The
same rocket with the Armo head (a flattish nose) was
found to have a mean Cp over the entire trajectory
of Cp = 0.16 and to vary between 0.13 and 0.19. Va-
rious results for the Cp of rockets (based on nose
area) are presented in the following table.

TabsLE 1. Cp for rockets with various noses

Connecting

lludidie.  region of (Cpuibased Radius
in nose on to on of
calibers  eylinder nose area) curvature
in ealibers

Hemispherical noses

HVAR 0.22 20 0.41
0.31 5 0.43
0.25 20 0.43
Ogive noses
JMA2
11.75" AR 0.6 20 0.32
2.257 AR 1.4 0.33 50
3.5" AR 1.4 0.25 200
1.14 20 0.25 620
50"HVAR 6 1.4 0.25 170
1.¢ 20 0.25
1.75” AR long
motor 1.5 0.21 550
11.75" AR
short motor 1.5 0.20 500
3.25" Mark 7 1.8 0.31
2.4 0.29
4.0 0.16

The 600-1b A/S bomb was found to have Cp = 0.43.
The nose of this bomb is roughly spherical. The 250-
1 A,/8 bumb has a spherical eapped nose of radius
~1/3. It was found that for this bomb Cp = 0.95.

On the basis of the results presented it may be
possible to estimate the magnitude of Cp, for various
shaped torpedoes. Cp, appears small for rockets. Us-
ing the Cp, for various noses given in Section 6.3, it
appears possible to estimate Cp for this stage of the
temjectory wrd £o e this welus in obdsining the
eavity behavior and the motion of the torpedu

Lirr COEFFICIENT

By far 1he geentor o Tt o the torpedo tadl mesting
on the cavity wall is the lift that is produced near the
tail. From the equations of motion it appears that it
should be possible to determine the trajectory during
this stage of the motion if the quantities C,," (vertical
plane) and €./ (horizontal plane) are known, as C,’
and C.," were derived in Section 6.3.

From equation (50) for the first order approxima-
tion of the trajectory during the open cavity stage, it
is apparent that three quantities enter into the equa-
tion, the radius of curvature R, the mean pitch angle
&, and the lift rate coefficient of the nose C1.’. The
quantity Cu, for various shaped noses was discussed
in Section 6.3. Thus, since the approximate value of
(1, is known, it is necessary to know & to determine
1/R or to know 1/R in order to determine a. In order
to determine @ without knowing R, C)’ must be
known. Actually, the quantity that is usually meas-
ured is the radius of curvature of the path (which is
elomdy eirvalie), atel sorotimes froo this thom s
inferred the quantity Cr.

In tests of a series of cone head rockets (cone heads
ot o eylitder) the fullowing procedure wus used The
value of R was found for various cone angle noses
with different positions of the eenter of gravity (and
thus different values of I; and I, in equation (47). The
values found are given in Figure 56 (Shaw and
Naylor®) for various values of the length divided by
diameter, position of center of gravity, and cone
angle of the nose. It is clear from this figure that the
smaller the cone angle the larger the value of C'; and
hence the smaller the value of R. This is expected
since the smaller the cone angle the larger the nose
lift. Also the quantity C; varies much as might be
expected. Thus clearly C';, increases with @ and from
equation (49) it is clear that as the center of gravity
is moved back, since Iy/l; decreases, & will increase
and hence €, will increase. In addition, it is clear
that, as { and hence length divided by diameter 1n-
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creases, the inclination of the torpedo in the cavity
becomes smaller due to the increased length of the
rocket and curvature of the cavity. Asa result @ will
decrease with increasing [.

Many underwater trajectories have been observed
at the CIT-TLR for the full-scale Mark 13 torpedo
and for the Steel Dummy. However, due to the rela-
tively short path length during which this stage
exists and due to the large radius of curvature it has
been quite difficult to estimate R with much pre-
cision.

For a hemispherical nose Ci,’ = C'p./ = 0.28. Also,
since Op' = Cp — Cra@ = 045 — (1 + L/15)Cpia
= 045 — 0.63a (I, = 51{t, [, = 4 {t), we may say

0.3
L/D =1l

* /'\(/’40%-%
A Y
o .

L/D =18<]

Q.l h\

45%=CG
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] 20 40 o 80 100
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Ficure 56. Lift cocfficient versus cone angle for cone
heads on a cylinder. (Obtained in the United Kingdom.)

from equation (50), neglecting the dependence on

V, that
1 PA [( LY, /] =
L__ el (4o =-C

R ST A 12> ’ b

/

= o (0.18 + 0.03&) &.

Hence we have an approximate relationship between
1/R and & If either of the quantities is known, the
other is determined. As has beei mentioned, from
the underwater trajectories one cannot easily meas-
ure R on the relatively short region from tail slap to
cavity closure. However, one may obtain the radius
of curvature of the trajeciory from records of the
gyroscopic orientation recorder. In the approxima-
tion indicated by the equation above, & is assumed
constant and hence the path is cireular. The gyro-
scopic orientation recorder yields records of the angle
that the axis of the torpedo makes with the horizontal

“as a function of distance or, as illustrated in Figure

57, time. Since the path is assumed circular, R is de-
termined simply by B = (s. — 8)/A(0 — «). In this

‘manner the results listed below were obtained for cold

shots. These values are only very approximate and
are subject to considerable error.

R (ft) Weight (1b)
600 1,861
500 1,648
500 1,862
450 1,635
450 1,681

However, it is remembered that the cavity con-
tracts at the torpedo tail during the open cavity
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Ficure 57, Typical record of angle of axis of torpedo
versus time. This record is for a cold shot.

stage. From Figure 46 it appears that the contraction
might be taken as decreasing A(6 — «) by approxi-
mately 3° and probably more. This is a very signifi-
cant correction and must be applied. Making this
correction in B and adjusting the results to a common
weight of 2,160 1b, by the relation expected from the
equations, R « M, we find that for the Mark 13 tor-
pedo R = 400 ft. Then, from the equaticn abave, 1t
is found that for the Mark 13 torpedo roughly @ =
13°. The value of @ computed for the cold shots seems
in fair agreement with the observed gyroscopic orien-
tation recorder records.

With the value of R, A9 can be computed. Thus
A9 = (s, — S)/R, or 4., the trajectory angle at eav-
ity closure, is given by

ae>acy oczee_on
a <o, 6.=0
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Taking a typical case where V. = 350 ft per sec
and 600 £t per sec, it is found that 6, versus a. for the
Mark 13 torpedo is given in Figure 58, for 6, = 20°
and ¢, = 0°. Altering 6, with the same a, will change
8, through the quantity S.

From this figure we see that a smail change in .
from 2° nose-down to 3° nosc-down changes 6. from

15° to 27°.
| ] ]
1
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W OF
¥, 800 FEET PER SECOMD { ISTAMCE TO CLOSURE
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» TT FEET]
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Ficure 58. Mark 13 torpedo. Trajectory angle at
cavity closure versus pitch angle at entry.

From the expression for & given by equation (49)
it is possible to solve for (/. Hence knowing & (or
knowing R which determines &) should presumably
determine (', by the equation

o
C’lt, ¥ o]

where a,, is determined by thec nose shape. Thus ¢/
can be caleulated for the various rockets in Table 1.
The method by which this could be carried out is
clear. These calculations will not all be exhibited, but
¢,/ will be examined for the Mark 13 torpedo with

and without a shroud ring based on the very rough

values of B obtained at the CIT-TLR.

For the Mark 13 torpedo it was found that & = 10°.
Then during this stage a./@ 0.5, Ci.'(L/12) = 0.35,
Ci (Mark 13 torpedo with shroud ring) = 0.70.

From some three cold shot launchings without a
shroud ring it is found (correcting to W = 2,160 1b)

that B = 200 ft and as a result & = 20°. Conse-
quently, €/ (Mark 13 torpedo without shroud ring)
= 0.50 is then found.

Very similar calculations may easily be carried out
for the horizontal plane.

On the basis of the various values of B and Cp =
Cp’ 4+ C.'a, one may calculate C;," and it appears pos-
sible to make a rough guess at the values for arbi-
trarily shaped projectiles. However, this is still very
crude.

The possible oscillatory béhavior of flat-nose tor-
pedoes has already been mentioned. The trajectory
resulting is essentially oscillatory with no general
curvature.

EFFECT OF PROPELLERS DURING THIS STAGE
or THE MotioN

The effect of propellers during this stage of the
motion is to produce a rolling velocity, to produce a
small increase in tail drag Cp., and to produce a cross
force at the torpedo tail. It is this cross force that is of
major importance since it may produce large changes
in the underwater trajectory. If a torpedo enters with
a. > a.so that it strikes the bottom of the cavity wall
and if there is a sufficiently large cross force at the
tail, it may rebound to the top wall, and the subse-
quent trajectory would be of the downturning type
instead of the expected upturning trajectory.

In model tests by the British of their aircraft tor-
pedo it has been obscrved that without propellers the
torpedo rested on one side of the cavity, while with
propellers the torpedo rebounded from the wall which
it struck originally. Model tests of the Mark 13 tor-
pedo in the United States made without propellers
indicated no rebounding. In addition, tests have been
made with a full-scale powered Mark 13 torpedo
equipped with propellers. From these tests a clear
sensitivity of depth of dive to pitch angle was ob-
served. For a. > a. the depth of dive was relatively
shallow, while for a. < . the torpedo struck bottom
or at least dived very deep. If rebounding occurred,
one should have observed some deep dives and some
shallow dives for a. > a.. Since this was not observed,
it is inferred that the Mark 13 powered torpedo does
not rebound. Records obtained with the gyroscopic
orientation recorder on Mark 13 shots under power
indicate that during the open cavity stage there is no
marked change in the inclination of the axis of the
torpedo in the vertical plane as would appear with
rebounding.

From a single gyroscopic orientation recorder rec-
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ord it appears that R is practically unaltered by the
removal of propellers. However, the crudeness of the
measurements and the fact that there is only one
record makes the evidence extremely inconclusive.
Further cxperiments werc made at the CIT-TLR
with Steel Dunuaics fitted with fixed Mark 14 and
Mark 15 propellers. For these launchings (where
a. > a.) the gyroscopic recorder clearly indicated the
tblpb\iu ltb\)fllldhlg fiviu tie botioin uaViLy Wall.
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Ficure 59. Inclination of torpedo axis versus time
for MBB Dummy with fixed Mark 14 propellers. Notice
nose-up pitching velocity at entry and rebounding from
bottom cavity wall.

Typical records obtained are illustrated in Figures
59 and 60. For launchings of this type the trajectory
data indicated a very deep dive. In addition, some
records have been obtained with fixed propellers
showing that the dummy rebounded from the hettam
wall and down again from the top wall. From these
results it is inferred that the cross force on fixed pro-
pellers is considerably greater than the cross force on
moving propellers. This is perhaps what might be
expected since the relative velocity and angle of
attack on the propellers is reduced when they are re-
volving. In any casc, it is probably true that C;/ with
propellers is greater than withuut propellers,

As far as is known, the rebounding of the British
Lol peao nas uot beea proved by obsevatious oi &
full-scale torpedo. However, there are elements in
that torpirlu which malky: it mare likely to rebound
than the Mark 13 torpedo. The nose area of the
British torpedo is 1.5 times the area of the Mark 13
Luoc, ard hetice he et L\,ltﬁ‘hé b the d‘&,j'{d
wall is greater. In addition, since the British torpedo

is some three feet longer, & is smaller; thus a smaller
moment holds the torpedo against the cavity wall.
There may also be a larger cross force on the British
propellers than on the Mark 13 propellers.

6.4.4 Transition Region

The behavior of the torpedo in the transition re-
giuu, that ;b, {roti its lrua'i'uiuu at v'a.Vit’y Clusture tu tlie
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FicUre 60. Inclination of torpedo axis versus time for
MBB Dummy with fixed Mark 13 propellers. Notice
nose-up pitching velocity at entry and rebounding from
bottom cavity wall.

point where it is in practically noncavitating motion
is about the most obscurc part of the underwater
trajectory.

ExreNnTt oF THE TRANSITION REGION

The point. where this region begins is quite definite:
it is the location of the torpedo at cavity closure and
is given approximately by equation (42) and Figure
45. The point where this region terminates is some-
what arbitrary. The method that will be used to de-
termine it is based on the fact that, after this transi-
tion region is traversed, it is desired to treat the tor-
pedo as though it were in noncavitating motion.
Henee the terminativn of this transition stage will ba
governed by the fact that the cavitation parameter K
altalts o valoe K™ sueh that effectively the torpedo
is in noncavitating motion. The word “effectively’’
has been used since water tunnel tests indicate that
an advanced stage of eavitation must be reached for
the hydrodynamic parameters, especially Cp, to differ
gigrdtiea il Peord Aseir walues Lor nonesvitating roo-
tion. Furthermore, since the fins of the torpedo and
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the control surfaces are very effective in controlling
the motion when the torpedo is in a noncavitating
state, the vatue of K corresponding to the cind of the
transition region is also determined by the require-
ment that there be no effective cavitation on the fins
or control surfaces. Having found this value of K* we
mav determine the approximate position of the termi-
nation of the transition stage. Thus

% = pgh™* + Iy — Pc‘
(V)
Now roughly
h* = s*siné,,
and i
‘,’* = I/C (,—I(s,e—k(s‘ — %) ,

where s, 1s the position of the torpedo at cavily clos-
sure and is given by equation (16). &’ is given by
k= Cp" (pA/2M),where Cp"' is the average drag co-
efficient in this region. P., the pressure in the (closed)
cavity, is not known and this point will be discussed
later. However, the length of this wansition stasc
[¢* — ) is relativelv insensitive to changes in .. It
is therefore assumed that P, = I’. Hence we may say
that the transition stage terminates approximately at
the distance s which satisfies the equation

K* '; 12 2 = Pre g% = pgs*sinf..  (52)

For example, from water tunnel tests it appears
that for the Mark 13 torpedo K* = 0.35. For 0. =
20°, ¥, = 350 and 600, it was found s, = 77 ft and
101 ft. Using for &’ the value based on Cp = 0.25 it
i sl it & curmesponding to the end of the transi-
tion region1s 113 ft and 145 {1, or valy 361t and 44 1t
after cavity closure.

At cavity elosure some air is entrapped with the
torpedo. It appears that, duc to the fact that the
cavity closes in on the air surrounding the torpedo
and since this air is at a depth corresponding to a
considerable hydrostatic pressure, the pressure of the
entrapped air tends to rise above atmospheric pres-
sure Po. At the same time some of the entrapped air
is being enirained in the wake of the closed cavity
and transported away. This phenomenon tends to
diminish the pressure in the cavity during this stage
of the motion. In addition, the cavitation parameter
K is still sufficiently low so that the torpedo is cavi-
tating, and as the torpedo moves along this tends to
increase somewhat the volume of the cavity. By

cavitation is meant the phenomenon wlereby the
pressure around some part of the torpedo falls to the
value of the vapor pressure Of the weter {(dur to the
velocity being sufficiently high) so that local vapori-
zation of the water immediately commences, and
ceases only when the pressure is greater than the
vapor pressure of water. It is clear that the pressure
cannot tall below the vapor pressuse ol wale:.

Thus it is clear that there are a number of effects
tending to alter the pressure in the cavity, and it is
difficult to say which one predominates. Tt is be-
licved that the net result is that the pressure in the
cavity may perhaps increase a small amount after
cavity closure. This probably does not affeet the
motion significantly. Earlier in this section, in order
to find the distance to where the torpedo is effec-
tively in nonhcavitating motion it wus asmuced that
during this stage P, = Po. This appears sufficiently
accurate for such a calculation since the distance is
relatively insensitive to changes in P..

The mechanism by which the air or cavitation
cavity is carrted away wfver deey closie s wtill
obseure. It may be that small bubbles are entrained
and carried away In the wake.

It appears from what has been said that the volume
of the closed cavity diminishes since the pressure
tends to increase and the mass of air in the cavity
tends to decrease. Hence we may expect that the
cavity width at the torpedo tail will probably dimin-
ish somewhat. The magnitude of this change in the
cavity width at the torpedo tail is not known pre-
cisely, but as a very rough approximation the expres-
sion for the cavity width at the torpedo tail used
previously might be used here and apply also to the
short transition region. At the conclusion of the
transitivn region &, 18 asswied 10 be i the neghioe-
hood of the value at the beginning of the region. It
appears from water tunnel tests that for K ~ 0.25
there is a linear relation between the maximum closed
cavity diameter and the radius of the hemispherical
nose, as is expected from equation (51), where at a
given cavitation parameter y is seen to be a prac-
tically linear function of r.. This point lends further
support to extrapolating the cavity width equation
io the transition region.

A consideration of the forces on the torpedo during
this stage of the motion indicates that any attempt
at estimating their magnitude other than by experi-
ment leads to almost unsurpassable difficulties. The
expectation is that during the earlier part of this
transition region C'p is approximately the same as in
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the stage with the open eavity, sinee P, = Py, and
that the flow has not yet reformed on the afterbody.
As the torpedo progresses during this stage, the vavi-
tation parameter K increases until the cavity no
longer envelopes the entire torpedo but begins to
close in and the flow to reform on the afterbody. As
soon as this oceurs it is clear that a sudden reduction
in the vaiue of Cp will result sitee there will Le pres

sures acting on the tapered afterbody of the torpedo

K= 0.25

Cp, it should be noted from Figure 62 that Cp does
not inerease significantly for the Mark 13 torpedo
withuut propellers until K is well beluw the value for
incipient cavitation.

The difficulty with the experimental approach to
the problem is that with most apparatus one cannot
reduce K sufficiently to reach the value existing dur-
firg the transition sogivt. Thus at the heginning of
the transition region K = 0, and at the end of the

K=0.78

Ficure 61. Illustration of change of flow in water tunnel about a 2-in. model of the Mark 13 torpedo with decreasing
cavitation parameter, K = (Po — P.)/}4pV? for a pitch or yaw angle of 6°

in the opposite direction to the drag forces. Henee it
is expeeted that the resultant drag foree will continue
to decrease as the flow proeeeds to reform on more of
the torpedo afterbody. As an illustration of how the
flow around the torpedo ehanges with cavitation
parameter K and yaw or piteh angle, Figure 61 is
inserted. These are photographs of models in a water
tunnel. Tt is elear that the size of the eavity increases
for decreasing K. Calculating the value of Cp is
therefore scen to be nearly impossible due to the laek
of knowledge of the back pressures.

For the Mark 13 torpedo it appears from both full-
seale and water tunnel results that Cp decreases dur-
ing the transition region. Thus Cp, as defined by the
relation Cp = — (2M /pA) (dV/dt), diminishes from
about 0.45 to approximately 0.1 in this small transi-
tion interval. Iu conneetion with the magnitude of

stage K has a value K* which will be different for
each projeetile. As will be scea K* ~ 0.35 for the
Mark 13 torpedo. Thus most of this stage of the mo-
tion is difficult to duplicate. There is some promise in
apparatus now being construeted of ability to meas-
ure the forees and observe the cavitation for very low
values of K, theoretieally, almost down to K =
Some investigation of the forces acting on various
torpedo bodies has been earried out in the variable
pressure water tunnel at the CIT Hydrodynamies
Laboratory. The essential results obtained are given
in Figure 62. From these figures it is seen that pre-
cisely in the region of greatest interest (low K) the
eoefficients Cs, C., and Cp (for the Mark 13 torpedo
body) vary so rapidly that extrapolation is unreliable.
The preeision of the results is not entirely known.
The value of K* was ehosen on the basis of photo-
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graphs of the flow about the torpedo in the water
tunnel for various values of K. From Figure 62 we
might expect that roughly K* = 0.35. Actually it
would be necessary to measure effectiveness of fins
and control surfaces as a function of K and to ascer-
tain from these tests what value to use for K*. How-
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Frcure 62. Cyy, Cc, and C'p versus K for various nose
shapes. Measurements on & projectile 7.18 calibers in
length with center of gravity 42 per cent of the length
from the nose.

ever, with the present apparatus it is not feasible to
run such tests. For calculations involving Cp during
the transition stage, the mean value of Cp (and hence
K) during this stage is used, namely, Cn = 0.27. This
C'p is the mean between the open cavity value and the
value at the termination of this stage.

During this transition stage, as the torpedo makes
increasingly better contact with the water, the buoy-
ant force on the torpedo increases from its value of
close to zero 1n the open cavity stage 1o approxi-

mately its value in still water at the end of this stage.
In addition, it appears that during this stage the tor-
pedo continues to roll with a somewhat decreasing
angular velocity due to some damping moments.

Since the magnitude of the forces acting on the
torpedo during the transition stage is obscure, the
trajectory of the torpedo during the transition stage
may be taken, in a first approximation, to be a con-
tinuation of the trajectory in the open cavity stage
and may be roughly described as a curve with in-
creasing radius of eurvature.

Tor the value of & at the end of the transition re-
gion one may use as a first approximation the & dur-
ing the open cavity stage. However, there is some
cvidence pointing to a smaller value. First of all,
from Figure 46 we see that a., decrcases considerably
and quite rapidly during the transition region since
it depends on a term of the form se*’. Secondly, from
Figure 62 which gives an indication of the approxi-
mate static moment coefficient of the forces on the
torpedo, there are indications that there is close to
zcro moment on the torpedo at K ~ 0.25and & = 3°.
Based on these considerations it can be indicated
that toward the end of the transition region & for the
Mark 13 torpedo is approximately 5°.

CoxpITinN oF THE TorPEDO WHEN EFFECTIVELY
IN NONCAVITATING MoOTION

At the end of the transition region the torpedo is in
the initial state for the subsequent run. The speed is

given by
V=V, et —F)ep— ks

The pitch angle will be determined by the nose
shape (cavity width) and the values of 9., V., and ¥,
and critically by . If &, ie more nose-p than o the
pitch angle at this point will be roughly the same
number of degrees nose-down. For example, with the
Mark 13 torpedo 1t was determined that at this point
& = 5° nose-up for a, > ., while @ = —5°for a. <a..

The yaw angle will also depend on these variables.

The roll orientation clearly depends on 6., and 4.,
as well as ¥, and the propellers. It is probably correct
to say that any orientation is equally likely with the
probability that the torpedo is a little closer to right
side up than upside down.

The condition at cavity closure of the torpedo for
which a. = a. (so that the torpedo never really
strikes the cavity wall) has to be considered a little
more in detail. Thus for a torpedo entering in this

il [ i 4,9 ol b s Tiqnkis
mailiel ve san estifabe s alid ¢i§/, auu the Hictien
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tions are that these remain fairly close to zero. The
tail of the torpedo docs not touch water until the
cavity closes in about the torpedo. It must then be
determincd at what distance v/a? + ¢? = the angle
of the cavity. Up to this point, Cp corresponds to
Cp. as given in Section 6.3. Hence, up to the distance
S where the cavity closes in around the torpedo, the
path is straight for a hemispherical nose, and, from
that point to the end of the transition region, it is
curved, depending further on whether the torpedo is
toward the top ur buttorn cavity wall. For the linuit
ing case of a. = ac, 0* = 6, * = a, D = s*siné,.
Clearly, if the cavity is closing in about the torpedo,
the distance (s* = S) is going to be relatively small.
From the methods presented for handling the under-
water trajeciory, it is clear that thosc ftermucdiate
cases can be calculated.

6.4.5 Further Research aud Experiment
during the Open Cavity Stage

and Transition Region

.[Jcsk;h,c tie fact that a kw:l‘ly elons \{Jd!ETJ tive Jo-
seription of the torpiedo bebavior during this stage of
the motion has been presented, the quantitative re-
sults are very uncertain.

It appears that future research could determine
some of the fundamental quantities considered. To be
more precise, future study of the water entry of tor-
pedoes should attempt to obtain with greater preci-
sion the Cp. (tail drag coefficient) value during the
open cavity and transition stage for various tail
structures. Similarly, the value of C, (tail lift coeffi-
cient) is of importance and should be tabulated for
varicus types of torpedo tails.

Presnmably, on the basis of the theory presented,
these coefficients might well determine the under-
water trajectory of the torpedo during this stage of
the motion. However, the cavity shape also enters
into these considerations, and the theory of the cavity
shape is only approximate. Hence during this stage of
the motion the importance of a more precise theory
of cavity shape is clear. It is especially important in
the transition region since the pitch angle at the end
of the transition region could then be determined.

If the value of the radius of curvature were known
with some degree of precision or if & were known, then
(') could be determined.

The most promising approach to practical results
appears to be of the experimental type. Two geperal
attacks appear hopeful. In the first method, observa-

tions are made either on full-scale torpedoes with
recording apparatus or on reliable models with
cameras. From these observations Cp, R, and & may
be determined and hence Cp,” and C’. The second ap-
proach is to obtain sufficiently low cavitation param-
eters in some water tunnel arrangement so that in
this tunnel the forces and moments on the torpedo
may be measured and the coefficients then deter-
mined directly.

As far as the cavity shape is concerned, the present
kinersatic theory may prove adeguate. However,
further experimental verification and research on the
constants in the equation is necessary. Particular
attention must be paid to the cavity shape during the
transition region. Thus future research should obtain
tho bumie eonstants witerig intn the: mqnations of
motion Cp,” and C;/, as well as the change in cavity
shape during the transition region. This will deter-
mine the motion in this stage and the condition of the
torpedo at the conclusion of this stage. The condi-
tion of the torpedo at the conclusion of this stage to
a large extent determines the subsequent motion.

MODELING

The study of water entry by means of small-scale
models is very attractive since underwater trajec-
tories and many details of behavior may then be ob-
served at a comparatively small expense.

The conventional method used for studying water
entry is Froude modeling. By this method the scale
factor for length of the model S is the square root of
the scale factor for time 8, or S; = /S,. As a conse-
quence, accelerations on the prototype and the model
are the same. This may be seen from the fact that
accelerations have the dimensions [/t on the proto-
type and S,/ (S:¥)? = I/ on the small model. As a re-
sult the effect of the acceleration of gravity (or the
weight) is properly modeled.

This type of modeling has appeared to give realistic
results in studying the water entry of blunt nose anti-
submarine weapons and, in fact, for most projectiles
studied in the past.

However, in the fall of 1944 the illusion of the uni-
versal success of a Froude model was shattered. As
part of a program for studying head shapes, the CIT
Morris Dam Group studied the water entry of a finer
shaped nosc than the hemisphere fitted to the Steel
Dummy. With this fine nose the dummy actually
dove to the bottom with a 4° nose-up pitch rather
than having the expected shallower trajectory. Then
the CIT-TLR fitted this head to a full-scale dummy,
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and the trajectory was of the rapidly upturning type
until a pitch angle of 1.5° nose-down was reached.
Hence an important violent discrepancy between full-
scale and model trajectories was observed. This ap-
peats to be the first tire that Froude modeling was
noticed to be markedly unsuccessful in modeling
water entry. The recognition of this fact appears to
be a major step n the study of modeliny, and the
means of correcting this defect is the major problem
which still wppesrs t0 b wanting w sorophie solu-
tion. The discussion of the discrepancies, their causes
and methods of partial solution are best considered
under the various stages of entry.

Frow-ForminG oR WHIP-PRODUCING STAGE .

In the light of the theory presented in Section 6.3,
one might expect that the reason why the model dove
when it was expected to turn upward should prob-
ably be due to the fact that the whip at entry was not
properly modeled. Hence, it was decided at the
Morris Dam Group that the whip at entry of the
models should be studied. To this end an optical
whip recorder was designed whereby the whip at
entry of the models could be measured. The results
obtained by this recorder indicated that the whip of
the models was radically different in many respects
from the prototype whip.

It is remembered, frem Section 6.2, that the proto-
typc exhibits a jarge nose-up whip which varies as
the first power of the entry velocity, or the whip di-
vided by the entry velocity was a constant indepen-
dent of the entry velocity. On the models the follow-
ing startling results were observed:

1. At a Froude prototype velocity of 475 ft per sec
the whip of the medel of the Steel Dummy was only
about one-third of the whip of the prototype, thus
indicating why the trajectories were different from
the prototype and the critical pitch results smaller.

9. At this same velocity, with the finer nose on the
dummy, the whip at entry was actually nose-down
instead of the very large nose-up whip ohserved on
the prototype.

3. In addition, on the l-in. model of the Steel
Dummy the whip was observed to increase as the
square uf the entry velucity, while with the finer nose
it increased very much more rapidly than the square
of the entry velocity.

Ihese results indicatod
affairs in the modeling of the water entry of finer
noses.

the Lrigly Ll stito of

The next obvious question was what caused this
very anomalous behavior of the 1-in. Froude model.
Clearly, a different set of forces was controlling the
model behavior than was controlling the prototype
behavior. This is perhaps most clearly seen from the
very large dependence of the whip on entry velocity.

Tt was evident that a large nose-down lift was
weting on the torpedo nose during the e mrdormnitug,
stage, and the various possible causes of this nose-
down lift were systematically investigated. These
investigations are reported in reference 14. I'neresuit
of this study indicated that the cause of the nose-
down lift appears to be associated with the narrow
air space which exists when the flow separates from
the finer shaped noses. There is a pressure drop in
this narrow air space due to the viscous flow of air
init.

For the 1-in. model the Reynolds number in this
spacc is estimated to be only around 5. Rough calcu-
lations indicate that due to this viscous flow of air
the pressure reduction on the underside of the nose is
of the order of 14 atmosphere, while on the top side
of the nose is roughly atmospheric pressure. It ap-
pears that the downward lift force on the nose de-
pends on the area and thickness of this laminar space
between the solid and liquid and hence on the curva-
ture of the nose, as is expected from the anomalous
behavior of the finer noses.

Generally, it appears that the magnitude of the
down lift varies with the Reynolds number. The
ratio of the down lift to the normal nose-up lift caused
by the hydrodynamic V* forces should decrease with
increasing entry velocity and size as well as probably
with decreasing density of air.

These contentions are supported somewhat by
photographs of a launching of the finer head. Oue
photograph is illustrated in Figure 63. On this photo-
graph is clearly seen the fact that the water tends to
tstick” to the underside of the nose. This is in marked
contrast with Figure 4 in which the flow separates
from all parts of the model nose.

In order to equalize the pressure in the air space on
the underside and top side of the nose, a scheme
which has proved moderately successful is known as
“yventing.”’ By this method, holes are drilled in the
torpedo model which permit free passage of aur from
the underside to the top side of the nose. As a result
the pressure in the air on the underside of the nose
tends to be the same as on the top side of the nose,
which is the desired result. Many types of venting
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were tried using different shape and size holes and
grooves. One fairly successful vented model in whieh
the nose alone was vented is illustrated by the nose
in Figure 65. (The other vents in this figure will be
diseussed subsequently.)

With this type of venting the model whip more
nearly duplicated the prototype whip, although the
problem is still far from being completely solved.

FIGURE 63. Water entry of unvented fine nose 2-in.
model of Steel Dummy. Notice water “sticking”” to bot-
tom side of nose. Compare with Figure 4.

With venting, the model whip rcachcd the value of
only 70 per cent of the prototype whip. However,
even with venting, the whip incrcases faster than the
first power of the entry velocity, whieh is still in dis-
agrecment with the prototype results.

The results obtained with the Steel Dummy (with
the Mark 13 nose) arc illustrated in Figure 6+. From
this figure the discrepancy with the prototype is
notieed.

Another troublesome point that was observed is
that with the 2-in. model, which, since it is larger,
should more closcly duplicate the prototype whip,
actually exhibited a smaller whip than the 1-in.
model both when unvented and when vented.

Thus it is seen that, although much progress has
been made in understanding the modeling of the
entry whip, the state of the problem is still far from
being satisfactory and discrepancies with the proto-
type results still remain. However, with blunter noscs
and with hcads possessing discontinuitics small
models will probably not exhibit this very anomalous
cffect to any marked extent.

From the present understanding of the cause of

the smaller whips in 1-in. models, one might expect
that the modeling will improve with inereasing entry
velocity, thusindieating that stress modeling (S.=8)
is perhaps much better than Froude modeling during
the flow-forming stage. Decreasing the density of the
air also seems to be a step in the right direetion.

Up o TAIL Srap
The lack of modeling of this stage is probably due
to lack of modeling of the entry whip.

CavitTy BEHAVIOR AND TRAJECTORY AFTER TAIL Srap

In the oblique entry of 1-in. models surfaee closure
is practieally always secn to occur. This may not be
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Ficure 64. Whip/entry velocity of protetype aad
1-in. model Steel Dummies versus entry velocity where
6. = 19°. Points represent averages of a number of ob-
servations.

the casc on full-scale launchings, however, as yet no
data on this point exist. It is observed that in the
1-in. model launchings the cavity appears to persist
very much longer than what is believed, and some-
times seen, to occur on the full scale. In 1-in. vented
model launchings, the cavity is sometimes seen to
persist even to the broach of the model. The reason
for this difference has not been investigated by the
Morris Dam Group.

The trajectories after tail slap of the 1-in. Froude
model were seen to dive after traversing about the
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first seven torpedo lengths despite the fact that the
torpedo struck the bottom cavity wall and started to
turn up. This is not a weight effect since the velocity
is too large, and it differs very markedly from the
prototype where the trajectories turn up.

This behavior appeared to improve (differ less from
the prototype) the larger the entry velocity.

The cause of this behavior appears, as before, to be
a down lift on the torpedo during the cavity stage.
Hence the same remedy, namely, venting, was tried.
Whereas, before, only the nose was vented to improve
the whip, now the entire torpedo was vented, as
illustrated in Figure 65. The result was a marked im-
provement in the subsequent underwater trajectory.
Before the rest of the dummy was vented, the model

Frouvre 65. Illustration of the 2-in. vented model ot
CIT Steel Dummy.

appeared to dive, and, after the venting, it actually
i)lUd(ileki. ii’(}\\c\ €L, ad iu ﬁl( \\':1;}), 'Ellu. tsu]uc.uu s
not complete. The trajectories depend on velocity,
and for a Froude prototype velocity of about 300 ft
per sec even the vented models dive while the proto-
type continues to turn up.

CoONCLUSIONS

The study and results of modeling indicate that
effects which may truly be regarded as second order
in prototype actually become first order for small,
fine nose Froude models and hence cause very large
discrepancies between the model and full-scale re-
sults.

For blunt noses or nose with discontinuities, much
more faith can probably be put in the I'roude model
since the fine air space no longer exists.

"The modeling of fine noses has definitely been im-
proved by venting; however, experimental results
clearly indicate that the problem is far from a satis-
fnetry s euniplete solution Hende wriell Frouds
model results must be usced with a great deal of
caution and experienced judgment.

6.5 RECOVERY STAGE
6.5.1 Introduction

During this stage the torpedo is in effectively non-
cavitating motion and is decelerating down to its
running speed if it is powered or decelerating down to
zero speed if unpropelled. If the torpedo is eontrolled,
it will tend to return to the set depth and direction
for its steady run. With the ordinary controls now in
use, if the torpedo has rolled (as it generally does), a
hook results, but it finally heads in the direction as
directed by the gyro.

During this stage we know the equations of motion,
and their solution is relatively simple. It appears that
the motion of the torpedo can be predicted by the use
of eight hydrodynamic constants together with a
knowledge of the eontrol mechanism. The subse-
quent discussion is equally applicable to torpedoes
without controls, with fixed controls which are ideal,
or with actual control systems. The specialization to
ideal and actual controls will be given a little later.

6.5.2 Assumptions and Equations of Motion

ASSUMPTIONS

In the general case, the torpedo is at a roll angle
#(s) and possesses a rolling angular velocity so that,
at thie bogmadig o this stage Of Hhe ootion; e
orientation about its longitudinal axis may be de-
scribed by some roll angle and angular velocity.
During this stage ot the motion the controls, 1t they
are operating normally, will call for hard up elevators
since the torpedo is well below set depth. If the con-
trol includes a pendulum, it will be against the for-
ward stop due to the deceleration of the torpedo, and
this also will call for an up elevator. The vertical
rudders, during the earlier part of this stage, will be
hard over in a direction to prevent a change in head-
ing due to the effect of the elevators in the horizontal
plaue that is associated with the roll displacement
¢(s) and due to the initial heading error (at the be-
ginning of this stage) arising {rom the fact that the
torpedo may have gone to one side of the cavity in
the previous stuge and may therefore be pursuing a
curved path. Clearly, if the torpedo is without con-
trols (like rockets and the Steel Dummy), the effect

[ eodl o the motion during thie stagne will he grac-
tically negligible. In view of the fact that the ele-
vators are hard up, at'leéast until the torpedo reaches
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a depth, inelination, and speed at whieh the eontrols
call for a different elevator angle, it may be assumed
that during the earlicr stages of the otion the ele-
vator angle ¢ has a constant value &, corresponding
tan G Riewsit O Blas v e limbor theos E = Uinithe
partieular ease that the torpedo has no eontrols. Simi-
larly, the vertieal rudder angle § has the eonstant
value 8, corresponding to the maximum rudder throw.

In Seetion 7.2 the equations of motion are derived -

for a torpedo in the steady state, whieh is right side
up, (¢ = 0). Strietly speaking, the equations are de-
rived either for a torpedo for which ¢ = eonstant =
0, 7/2, m, 3r/2. The general case is to be considered
here of a torpedo at a roll angle ¢(s) which is not
constant. For a first approximation the roll will be
introduced as an independent effect, assuming that
the roll influenees the miotion of  the torpedo only
through the ehanging components of the elevator and
rudder forees and moments. This a.sumption is prob-
ably aecurate enough for a first order theory, pro-
vided the torpedo is somewhat symnietrics). Gener-
ally, torpedoes are composed of a body whieh is a
solid of revolution with perhaps an appendage whieh
is rotationally symmetrieal like the shroud ring so
that the body has an infinite number of axes of sym-
metry. To this body are gen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>